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ABSTRACT 
 
        Social behavior in Honey bee has long attracted biologist's interest, especially its evolution. There 
are about 10 species in the genus Apis could be called "honey bee". Social behavior of these species 
differ in many aspects. Within the species Apis mellifera, there is also large variation in behavior among 
subspecies. Previous studies showed the behavior, together with morphological and physiological 
characters is strongly related with the environment the species (subspecies) distributed.  Also, many 
effort has been made to elucidate the biogeography of Apis mellifera subspecies. In this way, honey bee, 
especially Apis mellifera, is a good system to study the evolution of behavior. 
                In the same time, the mechanism of honey bee social behavior is complex and difficult to study. 
The genetic tools in honeybee is far less powerful than that of the model systems (e.g., Drosophila 
melanogaster). Also, social behavior is composed of many simpler components (endophenotype), and 
the mechanism of the social behavior can be understood until the mechanism of each of the simpler 
components is elucidated. 
            In my dissertation study, I first studied the genetic mechanism for one of the endophenotypes 
of honey bee social behavior: circadian locomotion behavior. In 15 genes strongly correlated with the 
change of social behavior for individual bee (from hive working to foraging for the whole colony), 6 is 
correlated with either the circadian locomotion behavior or the response to light change or general 
locomotion strength.  This work furthered our understanding of the relationship between the 
endophenotype (circadian locomotion) with social behavior in the mechanism level. This work in shown 
in chapter 1. 
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              Next, the genomic character that may "facilitate" the social behavior to be evolved in 
hymenoptera was approached. The high recombination rate and uneven gene distribution in low and 
high GC content  regions in the genome were two characters of hymenoptera genome. My work in this 
part (chapter 2) addressed how these genomic characters could be related with the evolution of honey 
bee social behavior. Previous researches concluded  that neural and behavioral related genes mainly 
distribute in the high GC content region and high recombination rate in the high GC region may speed 
up the evolution of these genes. The result from my work showed, however, that the evolution of the 
behavioral and neural related genes is faster than developmental genes even after the effect of GC 
content was controlled.  This result indicate the effect of selection outraced the GC content in shaping 
the evolution of the genes related with honeybee social behavior. That if some genomic mechanism 
other than GC content may affect the evolution of social behavior in hymenoptera is yet to be 
understood.  
           Also,  my dissertation research made effort in elucidating the evolution of a few genomic 
regions  may be associated with honey bee behavior.  The biogeography of the species are often 
reflected in the gene evolution. Our results showed the repeated expansion of the honey bee subspecies 
into Europe left the sign of co-evolution in multiple regions containing genes associated with honey bee 
behavior. For European subspecies, unsurprisingly, we often found strong gene flow in these regions. 
This result indicates the gene flow might be an important mechanism for the co-evolution of these 
genomic regions and honey bee behavior. Chapter 3 described this part of work. 
          Taken together, my dissertation work covered behavioral genetic, comparative genomic and 
population genetic  approaches to understand evolution of the honey bee social behavior and 
underlying genetic mechanisms.   
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GENERAL INTRODUCTION 
 
Behavior is heritable and evolving.  In recent years, there have been many successful examples in 
elucidating the molecular mechanism of evolving biological traits, including the pelvic armor in three-
spined stickleback (Gasterosteus aculeatus) (Shapiro et al, 2004), beak morphology in Darwin finches 
(family: Fringillidae) (Abzhanov et al, 2006), coat color in pocket mice (Chaetodipus intermedius) 
(Hoekstra et al, 2004), mimicry color pattern in butterfly (genus: Heliconius) (Hines et al, 2011), etc. In 
this sense, to understand the genetic mechanism of evolving behavioral traits become possible and 
promising. The effect of Vasopressin receptor (V1a) on pair-bonding behavior is a very successful 
example (Yong et al, 1999) in this line of researches. However, as behavior is complex and genetically is 
often “quantitative trait”, the full understanding of the genetic mechanism of evolution of behavior is 
awaiting the genome-wide approach. 
           The honey bee is a good system to study the evolution of behavior. First, the behavior of honey 
bee is rich and has strong genetic components. For example, for each worker bee, it conducts hive 
working (nursing, maintaining the hive, guarding, etc) after eclosion for about 14 days. After that, some 
of the hive bees will transit to forage for the whole colony (forager). Previous study showed this 
transition is mainly determined by genetic factors and not highly depended on the environment (Brillet 
et al. 2002).  Along this transition in social task, the bee behavior changes dramatically: the hive working 
bees behave arrhythmic and show negative phototaxis, on the contrary, foragers maintain precise 
internal clock to fine-tune their foraging activity with the bloom timing of flowers (Bloch et al. 2004). 
Also, hive working bees and foragers might differ in other behavioral phenotypes such as aggression, 
geotaxis, etc (Zayed and Robinson. 2012; Whitfield et al. 2006b). Each of these behavioral phenotype 
could be considered as an "endophenotype" of the behavioral maturation. Second, a series of 
researches have been devoted to understand the genetic/neural mechanism of honey bee social 
2 
 
behavior. For example, the hormonal mechanism for social maturation had been studied. Juvenile 
hormone (JH) had been shown to speed up the transition from hive working to foraging while the 
vitellogenin could suppress this transition (Elekonich et al. 2001; Amdam 2003). Also, the gene 
expression profile in the honey bee brain was correlated with this behavioral transition (also called 
social maturation) (Whitfield et al.2003; Whitfield et al. 2006b). Also, the QTL loci for aggression 
behavior (Hunt et al. 1998) and foraging behavior(Hunt et al, 2007) had been found. These mechanism 
level results provide solid foundation for further approach of its evolution.  The full genome of honey 
bee was sequenced by 2006 (The Honeybee Genome Sequencing Consortium. 2006) , which provided 
another important resource to understand the genomic mechanism of honey bee behavior. 
          Third, the evolution and biogeography of honey bee, especially Apis mellifera, has been 
described in detail (Ruttner, 1988).  There are about 10 species in the genus Apis, some is tropical 
species (Apis florea) and some have radiated into temperate area (e.g., Apis cerana and Apis mellifera). 
Apis mellifera had about 24 subspecies and could be grouped into 4 branches based mainly on 
geographical distribution and morphological traits: African (A), near East (O), west Mediterranean and 
north Europe (M), central Mediterranean and southeast Europe (C). Previous molecular study (Whitfield 
et al. 2006a) showed the genetic distance between C and M group is larger than that between each of 
this branch and African (A) branch.  In M group, Apis mellifera mellifera is a broadly distributed 
subspecies(distribute western to British, eastern to Ural Mountain, northern to south Sweden and 
southern to Alps Mountain area). In C group, feral populations of Apis mellifera ligustica mainly 
distribute in Italy but for the commercial purpose, it has been imported to most places in Europe and 
North America, South America and Australia. The number of subspecies in African (A) branch is largest 
(n=8) and the genetic diversity is high (Whitfield et al. 2006a). Apis mellifera scutellata is the subspecies 
in A branch with most beekeeping practiced and most knowledge of behavior and physiology obtained. 
It is distributed in a broad range of sub-Saharan area and most of its habitat is in tropical environment.  
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        The behavior evolves between tropical and temperate zone subspecies. Honey bee is believed to 
origin in tropical area and adapt to current temperate environment no longer than 50,000 years ago 
(Wilson 1971; Rutter 1988). Although the subspecies distribute in Africa currently might origin and 
migrate from tropical Asia, these subspecies resemble most tropical archetypes. For tropical region 
subspecies, the tendency to abscond is higher and swarm (the division of colony and subset of the bees 
would set up colony in a new location) more frequently compared with temperate subspecies. Also, the 
tropical subspecies are more aggressive and hoard less honey. Most of the colony resource is devoted to 
swarm. On the contrary, temperate subspecies tend to have larger colony size and provide ample 
provisions. For the behavioral maturation mentioned above, the transition rate is fastest in tropical 
subspecies followed by the race including Apis mellifera ligustica and Apis mellifera mellifera is slowest 
(Ruttner 1988).  
          These behavioral differences are of adaptive value: in tropical area, there are ample food 
resource throughout the year so heavy honey hoarding is not necessary. Also, the location to build up 
hive is often limited and small in tropical area. This is limiting the colony of tropical subspecies from 
growing big. The higher absconding rate may also be selected for due to more frequent bush fire in 
tropical area. 
         The adaptive value for the slower behavioral maturation of European subspecies compared with 
tropical subspecies in Africa has not been directly studied but as mentioned above, the larger colony size 
and stronger provision behavior in European subspecies is adaptive for temperate environment. The 
slow behavioral maturation indicates worker bees of European subspecies may remain to work in hive 
for longer time, which is consistent with the stronger provision and larger colony size.  
            Many of these behavioral differences have been proved to have genetic component. For 
example, the higher swarm frequency of Apis mellifera scutellata (or the hybrid between Apis mellifera 
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scutellata and Apis mellifera ligustica, known as the Africanized bee) compared with Apis mellifera 
ligustica and Apis mellifera mellifera is obvious when these subspecies co-live in the tropical area of 
southern America. Also, for the behavioral maturation mentioned above, when worker bees from Apis 
mellifera ligustica, Apis mellifera mellifera and Apis mellifera caucasica were put in the same colony 
(single cohort colony), the behavioral maturation of Apis mellifera mellifera is still the slowest with that 
of Apis mellifera ligustica remains the fastest (Brillet et al. 2002).  
          Other behaviors differ among subspecies and proved to be genetic including dancing language, 
learning ability, accuracy of orientation memory for hive position, flower constancy during foraging etc. 
The behaviors both documented to differ between African subspecies and European subspecies and 
proved to be genetic mainly include swarm frequency, aggression, rate of behavioral maturation and 
dancing language.  
            With the ample variation of behavior and documented biogeography of honey bee subspecies, 
to understand the evolution of behavior using this system, I think there are mainly 3 steps. First, the 
genetic mechanism for specific behavior needs to be elucidated. At least, the genes responsible for 
specific behavior need to be identified. Second, the molecular evolution pattern for the gene machinery 
needs to be approached. Third, the adaptive value of specific genotype needs to be tested. Upon the 
knowledge and time we have, my dissertation study focused on two of them: first, the genetic 
mechanism for one endophenotype of behavioral maturation of honey bee, circadian locomotion, was 
approached; second, the evolutionary pattern of a few genomic regions related with honey bee 
behavior was explored. Also, that if the genes related with behavior in honey bee evolved faster than 
other genes in the genome was tested. We did not cover the step testing the adaptive value of specific 
haplotype.  
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CHAPTER 1: GENES ASSOCIATED WITH HONEY BEE BEHAVIORAL 
MATURATION AFFECT CLOCK-DEPENDENT AND -INDEPENDENT ASPECTS OF 
DAILY RHYTHMIC ACTIVITY IN FRUIT FLIES1 
 
Abstract 
              Background: In the honey bee, the age-related and socially regulated transition of workers from 
in-hive task performance (e.g., caring for young) to foraging (provisioning the hive) is associated with 
changes in many behaviors including the 24-hour pattern of rhythmic activity. We have previously 
shown that the hive-bee to forager transition is associated with extensive changes in brain gene 
expression. In this study, we test the possible function of a subset of these genes in daily rhythmic 
activity pattern using neural-targeted RNA interference (RNAi) of an orthologous gene set in Drosophila 
melanogaster.  
                Principle Findings: Of 10 genes tested, knockdown of six affected some aspect of locomotor 
activity under a 12 h:12 h light:dark regime (LD). Inos affected anticipatory activity preceding lights-off, 
suggesting a possible clock-dependent function. BM-40-SPARC, U2af50 and fax affected peak activity at 
dawn without affecting anticipation or overall inactivity (proportion of 15-min intervals without activity), 
suggesting that these effects may depend on the day-night light cycle. CAH1 affected overall inactivity. 
The remaining gene, abl, affected peak activity levels but was not clearly time-of-day-specific. No gene 
tested affected length of period or strength of rhythmicity in constant dark (DD), suggesting that these 
genes do not act in the core clock. 
                                                          
1 This chapter appeared in its entirety in the PLos ONE and is referred to later in this dissertation as “Fu and 
Whitfield 2012”. Fu C. and Whitfield C.W. 2012 Genes Associated with Honey Bee Behavioral Maturation Affect 
Clock-Dependent and -Independent Aspects of Daily Rhythmic Activity in Fruit Flies. PLoS ONE 7(5): e29157. 
doi:10.1371/journal.pone.0029157 
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                 Significance:  Taking advantage of Drosophila molecular genetic tools, our study provides an 
important step in understanding the large set of gene expression changes that occur in the honey bee 
transition from hive bee to forager. We show that orthologs of many of these genes influence locomotor 
activity in Drosophila, possibly through both clock-dependent and -independent pathways. Our results 
support the importance of both circadian clock and direct environmental stimuli (apart from 
entrainment) in shaping the bee’s 24-hour pattern of activity. Our study also outlines a new approach to 
dissecting complex behavior in a social animal. 
Introduction 
                 Understanding the mechanisms that underlie behavioral maturation in social animals is an 
important but difficult task. In the honey bee worker, behavioral maturation involves a transition from 
in-hive task performance to foraging outside the hive (Robinson  2002). This transition is associated with 
many behavioral changes, including phototaxis, foraging strategy and daily rhythmic locomotor behavior. 
Mechanisms that underlie the onset of foraging have been studied intensively. Two circulating factors, 
juvenile hormone (JH) and the protein vitellogenin (Page 2006; Toth 2007) act in the onset of foraging 
and are thought to act as mutual repressors (Page 2006; Amdam 2003). Foragers have higher titers of JH 
and lower vitellogenin than hive bees; treatment with juvenile hormone analog or knockdown of 
vitellogenin by RNA interference accelerate the onset of foraging (Huang et al. 1994; Nelson et al. 2007; 
Bloch and Meshi 2007). These physiological changes presumably act via the brain to cause changes in an 
extensive repertoire of behaviors, including transition from an arrhythmic pattern of activity in hive bees 
to a pattern of activity that is strongly linked to the day-night cycle in foragers (Bloch 2010). Microarray 
studies (Whitfield  et al. 2003; Whitfield et al. 2006; Alaux et al. 2009) have identified large sets of gene 
expression changes in the brain associated with behavioral maturation in the honey bee. However, it is 
not known which of these genes affect specific behaviors that are part of the foraging repertoire. Here 
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we examine a subset of these genes for possible function in an animal’s 24-hour pattern of locomotor 
activity. 
              Rhythmic locomotor activity in a natural day-night setting is likely to result from a complex 
interplay between clock entrainment, the core endogenous clock (the “pacemaker”), clock output 
pathways, and so-called “masking” effects (direct environmental effects apart from entrainment of the 
clock (Mrosovsky 1999). Studies in Drosophila have been instrumental in identifying the core clock genes 
and genes involved with clock entrainment and output pathways (Williams and Sehgal 2001). However, 
there have been remarkably few genetic studies in Drosophila on the role of genes in masking (two 
examples are (Rieger et al. 2003; McNabb and Truman 2008)). 
               Many genes involved in these processes are conserved between the honey bee and Drosophila, 
including many of the endogenous clock genes (Rubin et al. 2006). Studies in the honey bee have 
focused primarily on changes in the core clock machinery during the switch from arrhythmic to circadian 
activity pattern (Toma et al. 2000; Bloch and Robinson 2001a; Bloch et al. 2001b). These studies have 
shown a link between expression of clock genes and development of circadian rhythmicity in foragers. 
Further, they have demonstrated that social environment interacts with the clock to affect circadian 
phenotype(Meshi and Bloch 2007; Shemesh 2010). Understanding how daily locomotor patterns 
develop and change in social species like the honey bee will likely require identification and functional 
understanding of genes affecting locomotor activity at many different levels, including both clock-
dependent and -independent pathways. 
                A productive approach in studies of honey bee behavioral maturation has been to use gene-
behavior information derived in Drosophila melanogaster to identify potential genes of importance in 
honey bee behavior. This approach has been used to identify two honey bee genes (orthologs of 
foraging and malvolio) that change expression in the onset of foraging and influence its timing (Ben-
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Shahar et al. 2002; . Ben-Shahar et al. 2004). In the present study, we reverse this strategy by analyzing a 
set of genes associated with the onset of foraging in the honey bee for possible function using 
Drosophila as a test system. We have previously identified genes from microarray studies of honey bee 
brains that are good candidates for influencing the onset of foraging or specific foraging related 
behaviors (see gene selection criteria in Methods). To explore possible function of these genes in daily 
activity pattern, we tested orthologs of 10 of these genes in Drosophila using neural targeted RNA 
interference (RNAi). These included genes that function in neural development (abl, fax, BM-40-SPARC), 
neural modulator metabolism (ple), other metabolic processes (CAH1) or mRNA processing (U2af50), 
and genes with protein similarity or containing protein domains that suggest possible function in second 
messenger or other signal transduction processes (Inos, Sh3β, CG32703, CG6910) (Tweedie et al. 2009). 
Of the genes tested, only ple was previously shown to affect locomotor behavior (Pendleton et al. 2002). 
Our results indicated that a surprisingly large fraction of these genes affect daily rhythmic locomotor 
activity, likely affecting both endogenous clock-dependent and -independent pathways. These results 
suggest that a large proportion of gene expression changes in the honey bee brain during behavioral 
maturation may be associated with modulation of a bee’s 24-hour pattern of locomotor behavior. 
 
Methods 
Selection of genes to test 
                We used a set of criteria previously described (Whitfield et al. 2006) to obtain a list of 
candidate genes most likely to play a functional role in the onset of foraging in honey bees, based on 
analyses of brains across several microarray studies. This list includes six genes up-regulated in the 
transition from hive bee to forager, GB12876, GB11572, GB15888, GB11031, GB14956 and GB15303 
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corresponding to fly orthologs U2af50 (U2 small nuclear riboprotein auxiliary factor 50), Inos, CAH1 
(Carbonic anhydrase 1), CG32703, CG6910 and ple (pale), respectively, and four genes down-regulated 
in this transition, GB11301, GB17380, GB19996 and GB11432 corresponding to fly orthologs abl (Abl 
tyrosine kinase), fax (failed axon connections), Sh3β and BM-40-SPARC. We used three criteria in 
selecting these genes. First, they were among the most predictive genes for assigning individual bees to 
behavioral group (hive bee versus forager) (Whitfield et al. 2003) and showed consistent expression in 
an independent microarray study (Whitfield et al. 2006). Second, they were not regulated by flight, light 
or other foraging-related experience (Whitfield et al. 2006). Third, they were regulated by a juvenile 
hormone analog in a direction consistent with expression changes (up-regulated for genes higher in 
forager brains or down-regulated for genes higher in hive bee brains; all genes listed except GB15303) 
(Whitfield et al. 2006). Orthologs were determined by best match in reciprocal BLASTP searches 
between Drosophila melanogaster and Apis mellifera predicted protein sets.  
Drosophila strains and RNA interference  
                UAS RNAi responder strains for the genes tested (abl, BM-40-SPARC, CAH1, fax, Inos, U2af 50, 
Sh3β, ple, CG32703 and CG 6910) were ordered from the Vienna Drosophila Research Center (VDRC; 
Transformant IDs indicated in Table 1; all constructions on w background) (Dietzl et al. 2007). The 
nervous system-specific driver strain w; elav-Gal4 (stock #8760) was backcrossed for five generations 
with w; TM3, Sb/Dr (kindly provided by Dr. S. A. Kreher). To generate the RNAi genotype for testing, 
backcrossed w; elav-Gal4 flies (female) were crossed with the respective responder strain to generate 
heterozygous RNAi flies. For all genes except abl and CAH1, male flies were tested. For abl and CAH1, 
the UAS RNAi responder construct was on the X chromosome and only females could be tested (with the 
transgene passed from the paternal X). For activity recording, RNAi group and control lines (driver and 
responder) were tested in parallel for each gene, using flies of the same age and gender. Driver flies 
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were a mixture of homozygous w; elav-Gal4 and heterozygous w; elav-Gal4/TM3, Sb from the backcross. 
Responder flies were the original VDRC strains. 
                Efficiency of RNAi was measured by real-time quantitative reverse transcription PCR of single 
whole Drosophila heads using rp49 as the control gene. cDNA was generated and quantified using ABI-
SDS 7900 system as in (Ament et al. 2011). PCR reactions contained 3 µl targeted cDNA (10-100 ng), 5 µl 
Syber-green mix and 2 µl primer pair (2.5µM). 3 µl of each reaction was added to 2 or 3 wells in the 384-
well reaction plate. mRNA reduction was calculated by 1 - 2-ΔΔCt, where ΔΔCt = ΔCt,RNAi – ΔCt,control 
and ΔCt was the difference in mean threshold cycles between target gene and rp49. 
Efficiency was tested for a total of seven genes: U2af50, Inos, CAH1, fax, BM-40-SPARC, abl and 
CG32703 (using primers indicated in Supplementary Table 1). RNAi and control flies were collected in 
parallel for mRNA quantification either as siblings of the behaviorally tested flies (collected at 1 or 2 days 
of age) or were the behaviorally tested flies collected immediately after the DD regime. Control group 
for mRNA quantification was driver or responder strain (see Supplementary Table 1) of the same age 
and gender as the RNAi group. Reduction of mRNA in single whole heads varied from 35% to 90% and 
was significant for all seven genes tested (p < 0.05; Supplementary Table 1).  
Drosophila activity recording  
                One- or 2-day-old flies from the RNAi group and control groups (driver and responder lines) 
were put into the Drosophila Activity Monitor (Trikenetics, Inc). Locomotor activity was recorded by 
computer as in (Rosato and Kyriacou 2006). The flies experienced 2 days light:dark (LD) entrainment (12 
h:12 h) and activity was recorded over the subsequent 5 days of LD. Flies were then shifted to a constant 
dark regime (DD) and activity recorded for 5 more days.  
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Measurement of behavioral parameters 
 A total of five behavioral parameters were derived from individual fly activity in LD condition 
and five additional parameters in DD. In all cases, parameters were estimated for single flies (after 
exclusion of dead flies) using activity data over 5 days of LD or 5 days of DD; individual values were then 
used in statistical analyses below. Several parameters were calculated from unsmoothed activity data 
including inactivity (proportion of 15-min intervals with no activity) for both LD and DD and anticipation 
indices for lights-on and lights-off (LD only). Anticipation index was calculated as in (Sheeba et al. 2010) 
by dividing the sum of activity during 3 hours preceding light change by the sum of activity during 6 
hours preceding light change.  
   Peak activity at dawn and dusk (LD) and subjective dawn and dusk (DD) were calculated from 
smoothed activity data for each fly. Activity was smoothed using a non-recursive linear digital low-pass 
filter that has been used in Drosophila activity studies and is not expected to cause phase shift (Helfrich-
Forster 2000). Smoothed activity at each 15-min time interval (Yi) was calculated using the formula Yi = 
Xi + fc1 (Xi+1 + Xi-1) + fc2 (Xi+2 + Xi-2) + fc3 (Xi+3 + Xi-3), (i=4 to 477 in this study) where fcj = 
sin(2πj/rtc)/(2πj/rtc), j=1 to 3 , r = 4 h-1(sampling rate per hour) and tc = 2 h (cut-off period). This 
formula was applied using R.2.90. Peak activity at each dawn or dusk period was determined as the 
highest activity in the smoothed plot in the 5.5 h period centered on Zeitgeber time 0 (dawn) or 12 
(dusk). Peak dawn and dusk activities were then calculated for each fly as the average over the 5 day 
recording period. 
              Strength of rhythmicity (amplitude) and length of period (tau) for each fly were estimated from 
DD activity using the LSP program (Refinetti et al. 2007). Only flies with χ2 periodogram (Qp) significant 
at p < 0.01 were used in statistical analyses of tau and amplitude. 
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Statistical Analysis  
                Proportion of intervals with no activity and anticipation indices were arc-sine transformed. 
ANOVA was performed using R.2.90 package to test for differences between the three groups tested 
(RNAi, driver and responder) treating trial and group as factors. To address multiple testing, we used 
Bonferroni adjustments to calculate two critical significance thresholds. The first threshold, referred to 
as gene-level significance, accounted for the 10 behavioral parameters tested for each gene (α = 0.05; p 
< 0.005). We consider this a marginal significance level. The second threshold, referred to as 
experiment-wide significance, accounted for the 10 parameters and the 10 genes examined (α = 0.05; p 
< 0.0005). Results that were significant at either threshold were examined post hoc to ensure that RNAi 
group differed significantly (p < 0.05) from both control groups in the same direction; only results 
meeting this standard are reported as significant.  
 
Results 
               We tested neural-targeted RNAi lines for the selected 10 genes (see Methods) for effects on 
different aspects of locomotion in LD (Table 1.1) and DD following LD entrainment (Table 1.2 and 1.3). A 
total of six genes affected some aspect of locomotion in LD, significant at the gene-level or experiment-
wide thresholds, p < 0.005 or 0.0005, respectively (ANOVA; post hoc showed RNAi group differed from 
both control groups, p < 0.05). Two of these genes also affected locomotion in DD. RNAi and control 
lines for these six genes are shown in Fig. 1.1, with activity averaged across replicate flies and over the 5 
day LD period (left panels) or 5 day DD period (right panels). 
                Knockdown of BM-40-SPARC, fax and U2af50 increased peak locomotor behavior at dawn in LD 
(p < 0.0005), but did not decrease overall inactivity (proportion of 15-min intervals with no activity, p > 
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0.005) (Table 1.1 and Fig. 1.1). The latter result suggests that increased activity in these lines was not a 
general increase at all times of the day. Although they did not show significant effects on dusk, two of 
these genes showed trends in dusk activity (non-significant elevation) that make it difficult to interpret a 
specific effect on dawn versus dusk activity. Knockdown of abl caused increased peak activity at both 
dawn and dusk (p < 0.0005); however, control line differences in inactivity make it difficult to rule out a 
general increase in activity at all times. 
                Two other genes showed effects under LD conditions. Knockdown of Inos caused a significant 
increase in lights-off anticipatory locomotion (p < 0.0005; Table 1 and Fig. 1). Knockdown of CAH1 
caused a decrease in inactivity at the marginal gene level threshold (p < 0.005). 
                Locomotor activity under constant dark (DD) following LD entrainment was affected for two 
genes (Table 1.2). RNAi knockdown of BM-40-SPARC caused increased activity at subjective dawn (p < 
0.0005) but also a decrease in total inactive time, suggesting that constant dark may have a general 
activating effect on BM-40-SPARC knockdown flies. Knockdown of abl increased in peak activities in DD 
(p < 0.0005) similar to its effect in LD; however, control line differences in inactivity make it difficult to 
rule out a general increase in activity. 
                No gene tested showed differences in strength of rhythmicity or length of period (tau) in DD (p > 
0.005; Table 1.3). 
 
Discussion 
              In this study, we tested orthologs of 10 genes associated with honey bee behavioral maturation, 
finding six that affected some aspect of Drosophila locomotor activity. One gene, Inos, affected 
anticipation of lights-off. Three genes, BM-40-SPARC, fax and U2af50, affected dawn activity without 
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affecting total time spent inactive. Knockdown of abl caused increased peak activities, but our data did 
not strongly support a time-specific effect. Knockdown of CAH1 caused a marginally significant (gene-
level threshold) decrease in time inactive. No genes affected strength of rythmicity or length of period in 
DD. 
              These six genes could influence activity via either clock-dependent or direct stimulus-dependent 
(apart from entrainment; i.e., masking) pathways. Our data suggest that at least one, Inos, acts 
downstream of the endogenous clock. Knockdown of Inos affected activity in the 3-hours prior to lights-
off (anticipation of dusk), but did not affect strength of rhythmicity or length of period in DD, suggesting 
a clock-dependent rather than a core clock function (Chang 2006). Consistent with a possible role 
downstream of the clock, Inos was identified as significant clock controlled genes in a meta-analysis of 
Drosophila circadian microarray studies (Keegan et al. 2007) (of the 10 genes examined in the present 
study, CAH1 and ple were also identified as clock controlled genes). Both BM-40-SPARC and abl showed 
effects in DD resembling their effects in LD. However, we cannot make a strong interpretation of clock-
dependent effect for either of these genes: BM-40-SPARC exhibited a general increase in activity in DD, 
while control line effects in abl make it difficult to interpret inactivity. No other gene in this study 
affected strength of rhythmicity or length of period in DD, suggesting no role in the core clock machinery 
for genes examined in this study.  
                Results for the two remaining genes that affected dawn peak activity, fax and U2af50, were 
consistent with possible modulation by direct light stimulus rather than the endogenous clock. RNAi of 
both genes increased activity at dawn without decreasing total time spent inactive, indicating time-
specific effects under LD. However, neither gene showed effects on dawn or dusk anticipation, nor 
activity under DD. These results suggest that observed increases in dawn activity may result from light 
transition. Results were similar for BM-40-SPARC, although unlike fax and U2af50, BM-40-SPARC may 
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have shown a generalized response (elevated locomotor activity) to DD. Taken together, our results 
suggest that fax, U2af50 and BM-40-SPARC may mediate direct stimulus effects on activity, though 
further behavioral tests are needed to establish light masking effects (Mrosovsky 1999). 
                Considered together, a surprisingly large fraction of genes tested showed effects on the 24-
hour pattern of locomotor activity in Drosophila (six out of ten), although only one exhibited a clear 
clock-dependent function. This result may point to the importance (and complexity) of changes in 
locomotor behavior in the honey bee transition to foraging. The onset of foraging involves both 
increased overall activity (foraging flight) but also long inactive periods linked to the circadian clock 
(Bloch 2010). Perhaps resulting from this complexity, we did not observe a simple correspondence 
between direction of effect in Drosophila (more or less activity) and direction of regulation in the hive 
bee to forager transition (up or down regulation). An important caveat is that our results do not address 
how many genes in the Drosophila genome would show similar effects. Because genes can act 
pleiotropically, it is possible that our results reflect a general trend in which a large fraction of genes in 
the genome have small but measurable effect on some aspect of locomotion in addition to affecting 
other phenotypes. More detailed understanding of the function of each of these genes in Drosophila 
locomotion may provide insight into their possible specific roles in the complex honey bee foraging 
phenotype. A full understanding of the 24-hour pattern of locomotor behavior in the honey bee will 
require an understanding of the genes that act in the endogenous clock, genes that translate the 
endogenous clock information to locomotor activity, and genes that translate environmental and social 
cues to locomotor activity (both via clock entrainment and clock-independent pathways). 
                Although the current study focuses on daily locomotor activity, the general approach could be 
used to study other behaviors associated with the transition from hive bee to forager, for example in 
foraging strategy, phototaxis and aggression. Such studies could identify pleiotropic effects of genes 
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implicated in the present study (in locomotor activity) and lead to a deeper understanding of both the 
mechanism of social behavior and the hierarchy of complex behaviors. 
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Figures and tables 
 
 
Fig. 1.1. Activity patterns in light-dark (LD) and constant dark following entrainment (DD). Plots show 
unsmoothed activity averaged across individual flies and the 5-day recording period under LD (left 
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panels) and DD (right panels). Shading indicates dark period. RNAi, Responder and Driver genotypes are 
described in Methods. All genes were tested in males except for Abl and CAH1, which were tested in 
females. Significant effects on peak activity are indicated by black bar (asterisks as in Table 1.1 and 1.2). 
Significant effect on anticipatory activity is indicated by a red bar. Additional effects on inactivity for 
CAH1 (in LD) and BM-40-SPARC (in DD) are not indicated in figure (see Table 1.1 and 1.2). 
Table 1.1. Activity patterns under light-dark (LD) regime.  
      Dawn Dusk Inactivity 
(%) 
Gene TID sex trials  n Peak  Antici
pation 
Peak  Antici
pation  
BM-40- 
SPARC 
16678 m 5 RNAi 35 52.9 ± 
2.5 
0.78 ± 
0.02 
65.6 ± 
3.7 
0.96 ± 
0.01 
56.3 ± 1.8 
    UAS 30 42.8 ± 
2.1 
0.73 ± 
0.03 
58.0 ± 
2.7 
0.96 ± 
0.17 
58.5 ± 2.0 
    GAL4 29 39.3 ± 
2.5 
0.73 ± 
0.04 
37.9 ± 
3.0 
0.88 ± 
0.02 
50.3 ± 2.4 
      ** n.s. n.s. n.s. n.s 
CG32703 13444 m 2 RNAi 11 40.8 ± 
3.3 
0.82 ± 
0.04 
49.4 ± 
2.0 
0.94 ± 
0.02 
62.5 ± 2.2 
    UAS 16 48.0 ± 
2.6 
0.85 ± 
0.03 
49.5 ± 
2.1 
0.95 ± 
0.02 
60.6 ± 3.1 
    GAL4 11 36.2 ± 
4.1 
0.80 ± 
0.04 
38.3 ± 
3.2 
0.88 ± 
0.02 
49.1 ± 4.9 
      n.s. n.s. n.s. n.s. n.s. 
CG6910 22465 m 3 RNAi 14 39.7 ± 
2.2 
0.72 ± 
0.08 
45.6 ± 
3.1 
0.85 ± 
0.06 
60.3 ± 3.8 
    UAS    
34 
36.1 ± 
1.6 
0.72 ± 
0.03 
46.8 ± 
2.1 
0.90 ± 
0.02 
57.1 ± 2.7 
    GAL4 34 44.8 ± 
2.6 
0.60 ± 
0.03 
37.1 ± 
3.7 
0.81 ± 
0.02 
36.7 ± 3.4 
      n.s. n.s. n.s. n.s n.s 
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Table 1.1 (continued)         
fax 21895 m 2 RNAi    
14 
46.6 ± 
2.1 
0.86 ± 
0.03 
57.6 ± 
3.0 
0.96 ± 
0.01 
62.2 ± 2.8 
    UAS 24 33.5 ± 
1.0 
0.75 ± 
0.04 
59.3 ± 
3.0 
0.90 ± 
0.02 
61.9 ± 1.5 
    GAL4 22 38.7 ± 
1.9 
0.83 
±0.03 
44.2 ± 
3.0 
0.88 ± 
0.02 
49.4 ± 1.8 
      * n.s. n.s. n.s. n.s. 
Inos 5617 m 2 RNAi 11 46.4 ± 
3.7 
0.73 ± 
0.05 
56.0± 
5.1 
0.89 ± 
0.03 
56.2 ± 4.5 
    UAS 24 38.6 ± 
3.1 
0.58 ± 
0.02 
43.2 ± 
3.3 
0.73 ± 
0.02 
41.8 ± 2.7 
    GAL4 22 32.1±
2.5 
0.68 ± 
0.03 
34.1±3.
1 
0.77 ± 
0.03 
41.2±2.8 
      n.s. n.s. n.s. ** n.s 
ple 3308 m 2 RNAi 16 38.0 ± 
2.7 
0.93 ± 
0.02 
41.5 ± 
3.1 
0.90 ± 
0.03 
68.9 ± 1.5 
    UAS 30 45.6 ± 
1.9 
0.89 ± 
0.01 
51.6 ± 
2.1 
0.96 ± 
0.01 
61.6 ± 1.9 
    GAL4 25 36.4 ± 
3.3 
0.76 ± 
0.04 
29.6 ± 
3.4 
0.92 ± 
0.02 
44.0 ± 3.5 
      n.s. n.s. n.s. n.s. n.s. 
Sh3β 35970 m 2 RNAi 22 50.5 ± 
3.3 
0.69 ± 
0.04 
39.2 ± 
3.5 
0.91 ± 
0.03 
56.5 ± 3.4 
    UAS 17 32.7 ± 
2.7 
0.67 ± 
0.03 
35.7 ± 
3.6 
0.75 ± 
0.07 
48.7 ± 3.7 
    GAL4 18 42.6 ± 
3.9 
0.63  
± 0.05 
37.4 ± 
5.3 
0.81  
± 0.03 
42.8 ± 4.5 
      n.s. n.s. n.s. n.s. n.s. 
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Table 1.1 (continued)        
U2af50 24176 m 3 RNAi 14 51.3 ± 
4.3 
0.79 ± 
0.04 
51.2 ± 
4.8 
0.95 ± 
0.02 
55.5 ± 4.1 
    UAS 39 39.3± 
1.5 
0.79 ± 
0.02 
45.7 ± 
2.7 
0.93 ± 
0.02 
60.6 ± 2.0 
    GAL4 39 36.3 ± 
2.0 
0.67 ± 
0.04 
34.8 ± 
2.9 
0.87 ± 
0.02 
45.3 ± 3.1 
       ** n.s. n.s. n.s. n.s. 
abl 2897 f 2 RNAi 36 43.4 ± 
1.6 
0.77 ± 
0.02 
40.4 ± 
2.0 
0.74 ± 
0.03 
33.8 ± 2.3 
    UAS    
33 
32.1 ± 
2.1 
0.67 ± 
0.05 
23.9 ± 
1.9 
0.59 ± 
0.02 
53.1 ± 2.1 
    GAL4 33 31.6 ± 
1.5 
0.70 ± 
0.03 
28.9 ± 
2.1 
0.68 ± 
0.02 
37.4 ± 2.6 
      ** n.s. ** n.s. n.s. 
CAH1 26015 f 2 RNAi 28 36.5 ± 
2.5 
0.81 ± 
0.03 
32.1 ± 
1.9 
0.68 ± 
0.02 
28.8 ± 2.4 
    UAS 31 36.3 ± 
1.6 
0.79 ± 
0.02 
29.1 ± 
2.2 
0.57 ± 
0.02 
39.4 ± 1.8 
    GAL4 30 30.6 ± 
1.7 
0.73 ± 
0.05 
30.1 ± 
1.7 
0.78 ± 
0.02 
39.3 ± 2.0 
      n.s. n.s. n.s. n.s. * 
 
Table 1.1. Significance is indicated at the gene-level threshold, p < 0.005 (*), or the experiment wide 
threshold, p < 0.0005 (**). For all effects reported as significant, RNAi group differed from both control 
groups in the same direction (p < 0.05; post hoc). Significant effects are highlighted by bold text. Peak 
activity, anticipation and inactivity are defined in Methods. Number of individual flies (n) is indicated for 
the experimental F1 RNAi flies and the two control lines (elav-Gal4 driver and the gene-specific UAS 
responder line). TID, Transformant ID; n.s., not significant. 
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Table 1.2. Activity patterns under constant dark (DD) regime. 
      Peak activity  
Gene TID sex trials  n Subj. dawn  Subj. dusk  Inactivity (%) 
BM-40- 
SPARC 
16678 m 4 RNAi 16* 45.9 ± 3.1 34.0 ± 2.2 23.5 ± 2.2 
    UAS 20 32.7 ± 2.2 28.3 ± 2.3 42.3 ± 2.5 
    GAL4 16 19.6 ± 2.2 19.3 ± 1.9 36.0 ± 4.8 
      ** n.s. ** 
CG32703 13444 m 2 RNAi 10 32.1 ± 2.6 38.6 ± 2.7 31.5 ± 2.3 
    UAS 15 37.9 ± 4.3 38.5 ± 3.0 37.0 ± 3.4 
    GAL4 7  19.3 ± 3.4 21.7 ± 1.8 25.8 ± 5.5 
      n.s. n.s. n.s. 
CG6910 22465 m 1 RNAi  8 24.2 ± 3.1 35.0 ± 3.6 50.0 ± 2.3 
    UAS 16 15.8 ± 1.8 32.7 ± 1.9 58.8 ± 3.1 
    GAL4 15 25.6 ± 4.0 30.4 ± 4.4 23.5 ± 4.4 
      n.s. n.s. n.s. 
fax 21895 m 2 RNAi  8 33.4 ± 3.0 37.5 ± 3.4 38.7 ± 2.2 
    UAS 16 22.4 ± 3.2 42.9 ± 2.4 46.0 ± 3.4 
    GAL4 17 27.3 ± 2.1 34.7 ± 4.1 28.1 ± 3.1 
      n.s. n.s. n.s. 
Inos 5617 m 2 RNAi 5 35.0 ± 5.8 38.8 ± 3.9 35.2 ± 5.7 
    UAS 12 23.1 ± 3.1 24.8 ± 3.2 31.0 ± 3.9 
    GAL4 6 20.6 ± 3.2 19.8 ± 2.3 37.4 ± 9.4 
      n.s. n.s. n.s. 
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Table 1.2 (continued)       
ple 3308 m 1 RNAi  8 29.0 ± 5.2 36.3 ± 3.2 41.8 ± 2.9 
    UAS 16 35.9 ± 2.0 46.8 ± 2.2 35.5 ± 2.3 
    GAL4 13 28.2± 3.0 25.5 ± 3.3 23.9 ± 3.6 
      n.s. n.s. n.s. 
Sh3β 35970 m 1 RNAi   16 31.2 ± 3.9 31.2 ± 2.9 37.5 ± 4.1 
    UAS 6 23.8 ± 4.8 31.9 ± 5.3 35.6 ± 6.1 
    GAL4 8 30.2 ± 3.9 31.3 ± 5.3 12.5 ± 3.2 
      n.s. n.s. n.s. 
U2af50 24176 m 2 RNAi 9 34.3 ± 3.6 36.8 ± 3.6 28.2 ± 4.4 
    UAS  20 31.1 ± 2.6 40.0 ± 2.4 37.0 ± 3.5 
    GAL4 20 29.0 ± 3.1 28.3 ± 3.3 22.2 ± 4.6 
       n.s. n.s. n.s. 
abl 2897 f 2 RNAi 28 33.6 ± 1.8 32.5 ± 2.0 18.5 ± 3.5 
    UAS 19 21.8 ± 2.9 20.9 ± 2.5 50.0 ± 4.6 
    GAL4 25 23.1 ± 2.0 23.9 ± 1.8 25.2± 4.0 
      ** ** n.s. 
CAH1 26015 f 2 RNAi  11 39.1 ± 3.1 30.8 ± 3.6 20.2 ± 5.2 
    UAS 16 28.2 ± 3.2 24.2 ± 3.3 22.4 ± 4.8 
    GAL4 15 31.1 ± 3.3 29.2 ± 2.8 26.2 ± 4.6 
      n.s. n.s. n.s. 
Table 1.2. See notes for Table 1.1. Subjective dawn and dusk are described in Methods. 
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Table 1.3. Rhythmicity and length of period under DD.  
Gene TID sex trials  flies 
tested 
% 
rhythmic 
flies 
tau (hrs) amplitude (Qp) 
BM-40- 
SPARC 
16678 m 4 RNAi 17 100% 24.4 ± 0.5 92.2 ± 8.6 
    UAS 23 91.3%  24.6 ± 0.1 111.4 ± 7.7 
    GAL4 19 89.5%  24.8 ±  0.3 77.8 ± 8.2 
       n.s. n.s. 
CG32703 13444 m 2 RNAi 11 90.9%  25.4 ± 0.6 74.4 ± 5.8 
    UAS 16 100% 24.5 ± 0.4 90.2 ± 5.8 
    GAL4 7 85.7%  24.6 ± 0.2 67.2 ± 10.6 
       n.s. n.s. 
CG6910 22465 m 1 RNAi 8 100% 24.8 ± 0.1 92.2 ± 5.3 
    UAS 23 100% 24.7 ± 0.1 130.6 ± 6.7 
    GAL4 23 87.0%  24.9 ± 0.4 69.6 ± 6.2 
       n.s. n.s. 
fax 21895 m 2 RNAi 8 100% 25.2 ± 0.9 74.4 ± 13.0 
    UAS 16 93.8%  24.9 ± 0.3 98.9 ± 8.6 
    GAL4 11 90.9%   25.1 ± 0.3 73.4 ± 7.7 
       n.s. n.s. 
Inos 5617 m 1 RNAi 6 100% 25.0 ± 0.2 122.9 ± 21.1 
    UAS 9 100% 24.2 ± 0.3 97.9 ± 12.5 
    GAL4 4 100% 25.3 ± 0.3 97.9 ± 16.3 
       n.s. n.s. 
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Table 1.3 (continued)      
ple 3308 m 1 RNAi 8 100% 25.5 ± 0.1 100.8 ± 8.2 
    UAS 16 100% 25.2 ± 0.1 106.6 ± 6.2 
    GAL4 13 92.3%  24.8 ± 0.5 98.9 ± 10.1 
       n.s. n.s. 
Sh3β 35970 m 1 RNAi 16 93.8%  24.4 ± 0.2 101.8 ± 12.5 
    UAS 6 100% 24.4 ± 0.2 113.3 ± 10.1 
    GAL4 8 75%  24.0 ± 0.8 38.4 ± 4.3 
       n.s. n.s. 
U2af50 24176 m 2 RNAi 16 93.8%  24.6 ± 0.1 137.3 ± 11.5 
    UAS 20 95.0%  24.5 ± 0.1 155.5 ± 10.6 
    GAL4 19 73.6%  24.5 ± 0.5 47.0 ± 4.8 
        n.s. n.s. 
abl 2897 f 2 RNAi 36 97.2%  24.2 ± 0.2 156.5 ± 9.1 
    UAS 20 85.0%  24.7 ± 0.1 148.8 ± 13.9 
    GAL4 28 85.7%  23.8 ± 0.1 124.8 ± 11.5 
       n.s. n.s. 
CAH1 26015 f 2 RNAi 19 95.7%  24.5 ± 0.2 157.4 ± 12.5 
    UAS 27 100% 24.7 ± 0.1 156.5 ± 7.7 
    GAL4 17 100% 24.6 ± 0.2 156.5 ± 10.1 
       n.s. n.s. 
Table 1.3. Percent rhythmic flies indicates the proportion of flies with significant rhythmicity (p < 0.01). 
Only rhythmic flies were used in statistical analyses of tau and amplitude.  
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CHAPTER 2: MOLECULAR EVOLUTION OF BEHAVIORAL AND 
DEVELOPMENTAL GENES SHOWS DIFFERENTIAL ASSOCIATION WITH GC 
CONTENT IN THE HONEY BEE GENOME 
 
Abstract 
             Behavioral adaptation is important in the evolution of social species and may have played a key 
role in the expansion (both natural and human facilitated) of the honey bee Apis mellifera into diverse 
tropical and temperate habitats around the world. We analyzed the association of Gene Ontology (GO) 
functional gene terms with GC content and with SNP density in the honey bee reference genome 
sequence (derived from a diploid individual of mixed ancestry) and among three haploid individuals 
(drones) from three geographically and genetically distinct subspecies, A. m. mellifera, A. m. ligustica 
and A. m. scutellata. Genes associated with development (belonging to “developmental process” or its 
child terms) and behavior (“neurological system process”, "behavior" and their child terms) were 
significantly overrepresented in GC-rich regions, with these GO terms representing 78% and 8% 
(respectively) of 185 significant terms. SNP density was positively associated with GC content and with 
developmental and behavioral GO terms, suggesting a more rapid evolution of these genes that is 
associated with GC richness. However, our results indicate that the relationship between GC content 
and molecular evolution is different for behavioral and developmental genes. After correction for GC 
content, SNP-dense genes continue to be enriched for behavioral GO terms including “neurological 
system process”, “cognition” and “sensory perception” in both data sets analyzed. In contrast, 
developmental GO terms were largely reduced by GC correction, with the few terms remaining related 
to neural development. Thus, although GC content is associated with more rapid evolution and with 
both behavioral and developmental genes, rapid evolution of behavioral genes involves an important 
GC-independent component. We suggest that evolution of behavioral genes has been particularly 
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important in the success and geographical expansion of this species and may result from more intense 
selection forces acting on these genes. 
 
 
Introduction 
Honey bees (Apis mellifera) exhibit rich social behaviors that are responsible at least in part for 
their adaptation to a wide range in environments (Wilson 1971; Winston 1987). There are about 20 
subspecies of Apis mellifera distributed in Africa, Europe and west and central Asia (Ruttner 1988). The 
environment ranges from tropical (central Africa) to temperate conditions where winter temperature 
can be as low as -45⁰C and rivers are not frozen for only 6 months (at the north and easternmost 
boundary of their range in Europe) (Ruttner 1988). Similarly diverse conditions exist in regions where 
Apis mellifera has been introduced by humans, and the partial domestication of this species is likely to 
play an important role in its ongoing evolution. 
Broad distribution and adaptation to these highly diverse environments is associated with 
variation in behavioral, physiological and morphological traits. Because honey bees survive winter using 
communal food stores collected during the flowering seasons (rather than hibernating or migrating), 
behavioral adaptations are likely to be particularly important. Differences in the age at onset of foraging 
have been identified between European and Africanized honey bees (Winston and Katz, 1982) and 
among European subspecies (Brillet et al), although the adaptive significance of this trait is not clear. 
Relative to European subspecies, Africanized bees hoard less honey and are more prone to absconding 
(where the queen leaves for the purpose of colony reproduction, taking with her a large proportion of 
colony members). These traits may account for the failure of Africanized bees to spread to more 
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temperate regions of North and South America (Villa  et al, 1991, Harrison, 2006) and, together with 
heightened defensive behavior, are disfavored by commercial beekeepers and likely subject to negative 
human selection (Crane 1999). Physiological and morphological differences also exist, with Africanized 
bees showing higher metabolism rate during flight (Harrison et al, 2006) and African subspecies 
generally exhibit smaller body size and higher thorax-to-body mass ratio than their European 
counterparts (Ruttner 1988, Hepburn et al. 1999). 
Genes responsible for these differences are likely to be under strong selection. Previous work 
has shown that genes with neural/behavioral functions tend to distribute in GC-rich regions in social 
hymenoptera genomes including the honey bee (Kent et al. 2012). There is a positive correlation 
between exon differentiation and GC content in the honey bee (Zayed and Whitfield 2008), suggesting 
more rapid evolution of GC-rich genes in the honey bee genome. More generally, GC content has been 
found to be associated with recombination rate and molecular evolution rate (Eyre-Walker , 1999; Duret 
and Arndt, 2008). Taken together, these results suggest that neural/behavioral genes may be evolving 
more rapidly in the honey bee and that this may be related to their location in GC-rich regions of the 
genome. 
To examine these predictions more closely, we conducted an unbiased analyses of functional 
gene categories (Gene Ontology terms) and their association with GC content and SNP density in the 
honey bee genome. We estimated SNP density in two independent data sets: the reference genome 
sequence (derived from a single diploid individual of mixed ancestry; ref) and among three haploid 
individuals of three subspecies (A. m. ligustica, A. m. mellifera and A. m. scutellata) representing two 
genetically distinct European subspecies and one tropical African subspecies. Although we identified a 
large number of significant GO terms associated with both GC richness and SNP density, our results 
indicated a strong, GC-independent association between SNP density and behavioral GO terms including 
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“cognition” and “sensory perception” in both data sets. In contrast, the association between SNP density 
and developmental GO terms (in the reference genome data only) was largely reduced by correction for 
GC content, with only a few remaining terms related to neural development. Thus, although GC content 
may play an important role in determining evolutionary rates among genes, it does not account fully for 
the elevated SNP density in behavioral genes in the honey bee genome.  
  
Methods 
        A SNP list corresponding to a single, mixed-ancestry diploid (hereafter referred to as “Reference 
genome”) was previously derived as part of the Honey Bee Genome Project (the honey bee genome 
consortium 2006). Genome coordinates of these SNPs were converted to assembly 4.5 by identifying 
identical match spanning 200 bp total flanking sequence using BLAST. A second SNP list was derived in 
this study from three partially sequenced haploid drones of three different subspecies, A. m. scutellata, 
A. m. ligustica and A. m. mellifera (hereafter referred to as “Subspecies”). These drones were sequenced 
to approximately 10x coverage (Illumina resequencing with read length of 35 bp). The short reads were 
aligned to the assembly 4.5 of Apis mellifera genome using Burrows-Wheeler Aligner (Li and Durbin 
2009) with default settings (set maximum number of gap open as 1, mismatch penalty as 3, gap open 
penalty as 11, gap extension penalty as 4). Separate alignment files for the three haploid individuals 
were aligned to each other using the mpileup function of by SAMtools (Li et al. 2009; settings: -C 50 -g -d 
10000000 -D -S). The resulting file (Variant Call Format) was scanned for informative SNPs and INDELs by 
PERL script (prepared by C.W.W.) using minimum genotype quality 30 and minimum alignment quality 
value 30 as criteria. 
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Gene structure information and GC content was based on assembly 4.5. SNP density for each 
gene was calculated by counting the number of SNPs (and INDELs for the subspecies) in each gene 
including 1000 bp up- and downstream and dividing by the sequenced length (successfully sequenced 
bases in the range of the gene length plus 2000 bp). The reference genome data set included 10045 
genes. For the subspecies haploids, our analysis retained 7611 genes for which we had at least 10% 
common sequencing coverage in all three subspecies. The relationship between SNP density and GC 
content was essentially the same in both data sets by linear regression (b = 0.000149 and 0.000139, r2 = 
0.2415 and 0.3018, for reference genome and haploid subspecies respectively); these slopes were used 
to generate GC-corrected SNP-density for each data set separately. 
Gene Ontology analysis for functional enrichment was performed using DAVID Bioinformatics 
Resources 6.7 (Huang et al. 2009) using Drosophila melanogaster orthologous genes to assign GO 
function (Whitfield et al. 2006b). Of the 10045 honey bee genes in the reference genome, 6555 have 
orthologogous genes in Drosophila. For the subspecies data set, the 7611 honey bee genes with partial 
sequence coverage correspond to 4935 orthologous genes. The gene lists analyzed (GC-rich genes, SNP-
dense genes, and SNP-dense genes with GC correction) were defined as the top 20% percentile from 
each respective gene list. In all analyses, we used the corresponding list of Drosophila orthologous genes 
(6555 or 4935) as background to avoid possible biases associated with the gene lists tested. 
GO terms were broadly classified as “developmental” or “behavioral” (or both) based on their 
relationship to three specific GO terms: "developmental process" (GO:0032502), “neurological system 
process" (GO:0050877) and "behavior" (GO:0007610). GO:0032502 and its child terms were considered 
developmental (this includes many terms related to neural development). GO:0050877, GO:0007610 
and their child terms were considered behavioral. This classification was performed using a PERL script 
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and the GO relationship file (gene_ontology_ext.obo) downloaded April 2, 2013, the results of which are 
indicated in Table 2.2. 
 
 
Results and Discussion 
My results showed GOs related with neural/behavioral function were overrepresented in SNP  
(polymorphism) rich genes (Fig. 2.1, table 2.1). In detail, 10 and  3 GOs related with neural/behavioral 
functions are overrepresented in the SNP-rich genes of the diploid and haploid (drone) bee genome, 
respectively. This result indicates that the molecular evolution rate were higher in genes responsible for 
neural/behavioral phenotype in honey bee genome.  In detail, among these GOs, the GO term 
neurological system process (GO:0050877) and its subcategories sensory perception and cognition are 
significant for both diploid and haploid dataset (Table 2.2). This result suggests the cognition and 
sensory perception might be important for the adaptation of honey bee. Another set of GOs significant 
for polymorphism-rich genes in both diploid and haploid dataset  are detection of stimulus  
(GO:0051606) and its subcategories(GO:0009581, GO:0009582 and GO:0009583) plus response to light 
stimulus (GO:0009416). Also, 40 GOs related with developmental function were also overrepresented by 
high polymorphic genes (Fig. 2.1).  This result proved the neural/behavioral genes are of high molecular 
evolution rate in honey bee genome. 
         We next explored the possible genomic mechanism for the high polymorphism rate on genes 
related with neural/behavioral functions. As stated above, we hypothesize that the high GC content of 
neural/behavioral related genes is responsible for their high molecular evolution rate.  
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        Mainly two lines of evidences are in support of this hypothesis: first, in consistent of the result of 
Kent et al., 2012, which found neural/behavioral genes is enriched in GC-rich region in honey bee 
genome , we found 150 GOs were significant for high GC genes. 8 of them were related with 
behavioral/neural function (Fig. 2.1, table 2.2).  In the same time, as 142 GOs related with 
developmental functions were also significant for high GC genes. This result indicates many genes 
without neural/behavioral  function are also enriched in GC-high region. 
          Second, Zayed and Whitfield 2008 found that the GC content is positively related with genetic 
differentiation rate in coding regions.  Consistently, we found positive association between GC content 
and polymorphism rate for both haploid and diploid data set (Fig. 2.1). 
           However, after we control the effect of GC content on polymorphism rate by linear regression, the 
result (Figure 2.1, table 2.1 and table 2.2) showed that more than 90 percent GOs for polymorphism-rich 
genes with developmental functions became insignificant while 50% behavioral/neural GOs remain 
significant. This result suggest the effect of GC content on polymorphism rate is at least equal, if not 
stronger,  for development related genes to that on behavioral/neural related genes.  In another word, 
that the high GC content genes tend to be polymorphic is true for both developmental genes and 
behavioral genes and cannot be the main reason for the high polymorphism rate in honey bee 
behavioral/neural genes. 
               Then why the behavioral/neural related genes are highly polymorphic in honey bee? We think 
probably, the high selection pressure on behavioral traits for species with complex behavior may 
partially account for it. As the adaptation of honey bee to different environments involves many changes 
on behavioral traits, and the long human selection (domestication) on honey bee was also focused on 
behavioral traits (less aggressive, strong honey hoarding, etc), selection pressure might be mainly on 
genes important for behavior. This hypothesis could be indirectly supported by evidences from other 
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studies on genomic changes associated with evolution of social or asocial species. For example, for 
tropical to temperate adaptation of asocial species Drosophila melanogaster (Kolaczkowski 2011), only 
small proportion genomic changes in this process is on genes related with behavior. On the other hand, 
proportion of GOs related with behavioral/neural function was high for GOs overrepresented for genes 
under positive selection in human genome (Herra´ez et al. 2009). These results may suggest the 
selection shaped genes related with neural/behavioral function more strongly in social species. 
              The relationship among recombination rate, GC content and molecular evolution rate is complex 
(Duret et al, 2008; Hodgkinson and Eyre-Walker, 2011). The honey bee genome exhibits both 
heterogeneity in GC content (Jorgensen et al., 2007) and heterogeneity in recombination rate (Beye et 
al., 2006). These two factors are likely associated and contribute to faster evolution of some genes in the 
honey bee genome, possibly including genes associated with behavioral and neural function (Kent et al, 
2012). However, my results in this study indicated that heterogeneity in GC content cannot be the main 
explanation for high SNP density in behavioral genes. More rapid evolution of these genes fits with our 
notion of the importance of behavioral adaptation in honey bee evolution (in response to both natural 
and human selection pressures). Understanding the relationship between evolutionary rates, GC 
content, recombination, and possibly other genomic features will require further investigation. 
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Figures and tables 
 
Fig. 2.1.  Number of GOs significant for SNP-rich genes before or after the correction for GC. Reference 
genome: data from the diploid dataset;  Subspecies: data from 3 haploid individuals each from one 
subspecies (A. m. scutellata, A. m. ligustica and A. m. mellifera). 
 
             
Fig. 2.2.  Relationship between polymorphism rate (SNP_density) and GC content. Slope of linear 
regression and intercept is shown on both haploid and diploid data.  
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Table 2.1. GO terms significantly enriched in SNP-dense and high GC genes 
 
 
   SNP Density 
GC 
content 
GO ID 
GO term 
Ref. 
genome 
Ref. 
genome 
(GC 
corr.) 
Sub-
species 
Sub-
species 
(GC 
corr.) 
0050877 neurological system process 3.6E-05 1.4E-03 7.6E-04 0.018 0.003 
0050890    cognition 9.6E-06 7.4E-04 0.002 0.003 0.005 
0007600    sensory perception 4E-06 9.3E-05 1.5E-03 0.005 0.040 
0007606 
      sensory perception of chemical 
      stimulus 
0.002 0.006 0.068 0.325 0.349 
       
0050896 response to stimulus n.d. n.d. n.d. n.d. n.d. 
0007610    behavior 1.5E-04 0.044 0.116 0.951 8.3E-10 
0009416    response to light stimulus 0.006 0.042 0.020 0.831 0.161 
0051606    detection of stimulus 0.006 0.006 0.018 0.484 0.358 
0009581       detection of external stimulus 0.009 0.008 0.009 0.352 0.273 
0009582       detection of abiotic stimulus 0.005 0.005 0.006 0.326 0.358 
0009583          detection of light stimulus 0.006 0.020 0.008 0.416 0.307 
0051716    cellular response to stimulus n.d. n.d. n.d. n.d. n.d. 
0007165       signal transduction n.d. n.d. n.d. n.d. n.d. 
0007166 
         cell surface receptor 
         linked signal transduction 
2.3E-06 0.004 0.006 0.794 6E-05 
0007186 
            G-protein coupled receptor 
            protein signaling 
2.4E-06 3E-06 9E-05 8.1E-04 0.322 
       
0006811 ion transport 1.1E-03 0.040 3.7E-04 0.005 1.2E-03 
0030001    metal ion transport 0.169 0.662 0.003 0.026 0.003 
       
0022610 biological adhesion 0.003 0.008 0.045 0.967 2.4E-04 
0007155    cell adhesion 0.003 0.008 0.045 0.967 2.4E-04 
       
0008037 cell recognition 7E-04 0.048 0.018 0.861 0.003 
       
0032502 developmental process n.d. n.d. n.d. n.d. n.d. 
0007498    mesoderm development 0.010 0.029 0.990 1.000 0.002 
0030182    neuron differentiation 1.5E-06 0.046 0.968 1.000 5.4E-14 
0008038    neuron recognition* 7E-04 0.048 0.018 0.861 0.003 
All GO terms significant after GC correction are shown (data are a subset of Table 2.2). GO parent-child 
relationships indicated by indenting. FDR significance estimated by Benjemini method.  
*Also a child of GO:0032502, developmental process 
n.d., not determined (these broad terms are not included in GO FAT) 
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Table 2.1. Significant GO categories for both datasets. GO terms significant for polymorphism rich genes 
from haploid dataset (Subspecies). The significant GOs  for GC-corrected polymorphism-rich genes in 
haploid data (Subspecies(GC. corr.)) was a subset of the uncorrected result and then also fully shown 
here. For GOs significant for genes were GC-rich, polymorphism rich and polymorphism rich after 
correction for GC in the dipoid data set, only GOs overlapped with the haploid results is shown, the full 
information is available in table 2.2. True or false for each GO indicates the GO is related with behavior 
(neurological system process or behavior) or development. P values were after Benjamini correction. 
 
Table 2.2. Significant GO categories for any datasets 
  SNP Density 
GC 
content Beh. Dev. GO term 
Ref. 
genome 
Ref. 
genome 
(GC corr.) 
Sub_ 
species 
Sub_ 
species 
(GC 
corr.) 
G-protein coupled receptor 
protein signaling pathway 
2.4E-06 3.0E-05 1.0E-04 0.001 0.3217 - - 
ion transport 0.001 0.040 4.0E-04 0.005 0.001 - - 
homophilic cell adhesion 0.003 0.171 0.001 0.165 2.8E-05 - - 
neurological system process 3.6E-06 0.001 0.001 0.018 0.003 + - 
cell-cell adhesion 0.011 0.397 0.001 0.369 1.0E-04 - - 
calcium ion transport 0.936 0.961 0.001 0.165 0.070 - - 
sensory perception 4.0E-05 1.0E-04 0.002 0.005 0.040 + - 
cognition 9.6E-06 0.001 0.002 0.003 0.005 + - 
metal ion transport 0.169 0.662 0.003 0.026 0.003 - - 
di-, tri-valent inorganic 
cation transport 
0.916 0.948 0.004 0.296 0.217 - - 
cell surface receptor linked 
signal transduction 
2.3E-06 0.005 0.006 0.794 1.0E-04 - - 
calcium-dependent cell-cell 
adhesion 
0.103 0.695 0.006 0.507 0.003 - - 
detection of abiotic stimulus 0.005 0.005 0.006 0.326 0.359 - - 
chitin metabolic process 0.059 0.250 0.008 0.067 0.003 - - 
 
detection of light stimulus 0.006 0.020 0.008 0.416 0.307 - - 
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Table 2.2 (continued) 
detection of external 
stimulus 
0.009 0.008 0.009 0.352 0.273 - - 
cation transport 0.539 0.936 0.015 0.068 0.129 - - 
detection of stimulus 0.001 0.048 0.018 0.861 0.003 - - 
cell recognition 0.006 0.006 0.018 0.484 0.359 - - 
neuron recognition 0.001 0.048 0.018 0.861 0.003 - + 
response to light stimulus 0.006 0.042 0.020 0.831 0.161 - - 
detection of visible light 0.203 0.325 0.045 0.343 0.568 - - 
biological adhesion 0.003 0.008 0.045 0.967 2.0E-04 - - 
cell adhesion 0.003 0.008 0.045 0.967 2.0E-04 - - 
sensory perception of 
chemical stimulus 
0.002 0.007 0.068 0.325 0.349 + - 
behavior 2.0E-04 0.045 0.116 0.951 8.3E-10 + - 
axon guidance 1.0E-04 0.139 0.119 1.000 3.7E-10 - + 
aminoglycan metabolic 
process 
0.435 0.761 0.141 0.484 0.032 - - 
phototransduction 0.032 0.077 0.156 0.819 0.247 - - 
mating 0.028 0.265 0.159 0.799 0.356 - - 
sensory perception of smell 0.048 0.111 0.163 0.857 0.203 + - 
potassium ion transport 0.677 0.968 0.167 0.325 0.008 - - 
axonogenesis 1.0E-04 0.051 0.238 1.000 1.0E-10 - + 
courtship behavior 0.045 0.387 0.249 0.855 0.297 + - 
locomotory behavior 0.015 0.249 0.320 0.996 0.001 + - 
adult behavior 0.005 0.212 0.456 0.996 0.013 + - 
motor axon guidance 0.005 0.140 0.635 1.000 0.002 - + 
open tracheal system 
development 
0.043 0.752 0.776 1.000 1.8E-05 - + 
respiratory system 
development 
0.043 0.752 0.776 1.000 1.8E-05 - + 
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Table 2.2 (continued)        
adult locomotory behavior 0.050 0.586 0.887 1.000 0.060 + - 
neuron projection 
morphogenesis 
2.0E-04 0.136 0.907 1.000 9.4E-10 - + 
neuron projection 
development 
2.0E-04 0.134 0.907 1.000 7.4E-10 - + 
cell morphogenesis involved 
in neuron differentiation 
2.0E-04 0.136 0.922 1.000 3.6E-10 - + 
cell projection 
morphogenesis 
3.0E-04 0.101 0.923 1.000 4.1E-08 - + 
chemosensory behavior 0.571 0.832 0.923 0.942 0.032 + - 
cell part morphogenesis 0.001 0.141 0.938 1.000 1.3E-07 - + 
cell morphogenesis involved 
in differentiation 
2.0E-04 0.145 0.940 1.000 1.2E-10 - + 
aromatic amino acid family 
metabolic process 
0.046 0.110 0.940 0.826 0.489 - - 
neuron development 2.6E-06 0.052 0.961 1.000 2.5E-11 - + 
appendage segmentation 0.294 0.913 0.962 1.000 3.0E-04 - + 
leg segmentation 0.294 0.913 0.962 1.000 3.0E-04 - + 
establishment of tissue 
polarity 
0.895 0.999 0.963 1.000 0.005 - + 
cellular component 
morphogenesis 
0.011 0.485 0.965 1.000 3.2E-07 - + 
cell morphogenesis 0.005 0.406 0.965 1.000 4.8E-08 - + 
neuron differentiation 1.5E-06 0.046 0.968 1.000 5.4E-14 - + 
tube development 0.851 0.979 0.971 1.000 0.006 - + 
organ formation 2.0E-04 0.077 0.976 1.000 2.0E-04 - + 
cell projection organization 0.001 0.138 0.977 1.000 1.3E-09 - - 
appendage development 0.112 0.980 0.977 1.000 7.2E-16 - + 
heart development 0.199 0.683 0.980 1.000 3.0E-04 - + 
morphogenesis of a 
polarized epithelium 
0.966 1.000 0.981 1.000 0.003 - + 
enzyme linked receptor 
protein signaling pathway 
0.528 0.999 0.981 1.000 0.007 - - 
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Table 2.2 (continued)        
appendage morphogenesis 0.126 0.972 0.981 1.000 2.4E-15 - + 
transmembrane receptor 
protein tyrosine kinase 
signaling pathway 
0.719 0.998 0.981 1.000 0.024 
- - 
antennal development 0.272 0.964 0.983 1.000 1.0E-04 - + 
olfactory behavior 0.954 1.000 0.984 1.000 0.004 + - 
establishment of planar 
polarity 
0.618 0.868 0.984 0.993 0.036 - + 
imaginal disc-derived 
appendage development 
0.138 0.975 0.985 1.000 3.3E-15 - + 
bristle morphogenesis 0.577 0.869 0.985 1.000 0.047 - + 
imaginal disc-derived 
appendage morphogenesis 
0.155 0.965 0.989 1.000 2.1E-14 - + 
sensory organ development 0.001 0.764 0.990 1.000 2.3E-10 - + 
mesoderm development 0.010 0.029 0.991 1.000 0.002 - + 
tube morphogenesis 0.985 0.999 0.992 1.000 0.025 - + 
post-embryonic organ 
development 
0.016 0.730 0.993 1.000 4.0E-16 - + 
periodic partitioning by pair 
rule gene 
0.962 0.999 0.994 1.000 1.0E-04 - + 
imaginal disc-derived wing 
margin morphogenesis 
0.535 0.936 0.994 1.000 0.009 - + 
specification of segmental 
identity, head 
0.287 0.980 0.996 1.000 0.023 - + 
cell motion 0.002 0.236 0.996 1.000 3.3E-12 - - 
ommatidial rotation 0.910 0.999 0.996 1.000 0.014 - + 
leg joint morphogenesis 0.840 0.912 0.997 1.000 0.004 - + 
zygotic determination of 
anterior/posterior axis, 
embryo 
0.919 0.953 0.997 0.999 0.034 
- + 
genital disc development 0.560 0.994 0.997 1.000 0.001 - + 
post-embryonic appendage 
morphogenesis 
0.373 0.977 0.998 1.000 2.6E-12 - + 
imaginal disc morphogenesis 0.097 0.869 0.998 1.000 5.7E-15 - + 
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Table 2.2 (continued)        
post-embryonic organ 
morphogenesis 
0.097 0.869 0.998 1.000 5.7E-15 - + 
compound eye development 0.002 0.814 0.998 1.000 1.6E-07 - + 
periodic partitioning 0.956 1.000 0.998 1.000 1.0E-04 - + 
photoreceptor cell fate 
commitment 
0.341 0.965 0.998 1.000 0.001 - + 
neuron fate commitment 0.296 0.959 0.998 1.000 0.001 - + 
wing disc development 0.294 0.966 0.998 1.000 2.6E-11 - + 
imaginal disc development 0.040 0.932 0.999 1.000 1.9E-18 - + 
leg disc development 0.341 0.965 0.999 1.000 1.6E-10 - + 
leg morphogenesis 0.926 1.000 0.999 1.000 0.001 - + 
limb development 0.238 0.895 0.999 1.000 2.6E-08 - + 
limb morphogenesis 0.238 0.895 0.999 1.000 2.6E-08 - + 
establishment of ommatidial 
polarity 
0.238 0.895 0.999 1.000 2.6E-08 - + 
eye-antennal disc 
morphogenesis 
0.478 0.917 0.999 1.000 0.003 - + 
regulation of transcription 
from RNA polymerase II 
promoter 
0.808 0.999 0.999 1.000 0.004 
- - 
formation of organ 
boundary 
2.0E-04 0.114 0.999 1.000 0.002 - + 
head segmentation 0.402 0.996 0.999 1.000 3.5E-05 - + 
proximal/distal pattern 
formation, imaginal disc 
0.783 0.998 0.999 #N/A 1.0E-04 - + 
midgut development 0.675 0.998 0.999 1.000 4.0E-04 - + 
compound eye 
photoreceptor fate 
commitment 
0.721 0.994 0.999 1.000 0.005 
- + 
eye photoreceptor cell fate 
commitment 
0.721 0.994 0.999 1.000 0.005 - + 
segmentation 0.397 1.000 0.999 1.000 1.3E-10 - + 
eye morphogenesis 0.001 0.762 0.999 1.000 2.7E-06 - + 
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Table 2.2 (continued)        
embryonic pattern 
specification 
0.631 0.999 0.999 1.000 5.4E-07 - + 
striated muscle cell 
differentiation 
0.540 0.913 0.999 1.000 0.008 - + 
compound eye 
morphogenesis 
0.002 0.761 0.999 1.000 4.2E-06 - + 
eye development 0.001 0.777 0.999 1.000 6.9E-08 - + 
wing disc morphogenesis 0.508 0.983 0.999 1.000 5.1E-09 - + 
gut development 0.966 1.000 0.999 1.000 1.0E-04 - + 
posterior head 
segmentation 
0.962 1.000 0.999 #N/A 0.002 - + 
leg disc pattern formation 0.962 1.000 0.999 #N/A 0.002 - + 
leg disc proximal/distal 
pattern formation 
0.935 1.000 0.999 1.000 0.005 - + 
eye-antennal disc 
development 
0.230 0.992 0.999 1.000 3.0E-07 - + 
blastoderm segmentation 0.633 1.000 0.999 1.000 2.8E-07 - + 
cell fate specification 0.296 0.792 1.000 1.000 1.9E-07 - + 
skeletal muscle organ 
development 
0.859 0.965 1.000 1.000 0.047 - + 
muscle cell differentiation 0.536 0.906 1.000 1.000 0.001 - + 
muscle organ development 0.729 0.904 1.000 1.000 0.001 - + 
positive regulation of 
nitrogen compound 
metabolic process 
0.807 0.983 1.000 1.000 0.034 
- - 
positive regulation of 
nucleobase, nucleoside, 
nucleotide and nucleic acid 
metabolic process 
0.807 0.983 1.000 1.000 0.034 
- - 
negative regulation of 
transcription from RNA 
polymerase II promoter 
0.859 0.921 1.000 1.000 0.019 
- - 
gastrulation 0.752 0.999 1.000 1.000 0.009 - + 
mesoderm formation 0.294 0.194 1.000 1.000 0.002 - + 
proximal/distal pattern 
formation 
0.656 0.989 1.000 #N/A 0.001 - + 
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Table 2.2 (continued)        
regionalization 0.032 0.944 1.000 1.000 2.0E-14 - + 
imaginal disc-derived wing 
morphogenesis 
0.558 0.990 1.000 1.000 8.0E-09 - + 
segment specification 0.099 0.990 1.000 1.000 1.6E-06 - + 
transcription 0.215 0.999 1.000 1.000 8.3E-09 - - 
exocrine system 
development 
0.060 0.869 1.000 1.000 0.002 - + 
salivary gland development 0.060 0.869 1.000 1.000 0.002 - + 
formation of anatomical 
boundary 
0.003 0.294 1.000 1.000 1.0E-04 - + 
tissue morphogenesis 0.808 0.949 1.000 1.000 3.7E-05 - + 
pattern specification process 0.029 0.949 1.000 1.000 1.7E-15 - + 
mesoderm morphogenesis 0.375 0.250 1.000 1.000 0.001 - + 
post-embryonic 
morphogenesis 
0.090 0.953 1.000 1.000 4.1E-13 - + 
cell fate commitment 0.003 0.574 1.000 1.000 2.0E-13 - + 
R7 cell differentiation 0.441 0.928 1.000 1.000 0.014 - + 
positive regulation of 
transcription 
0.729 0.972 1.000 1.000 0.020 - - 
instar larval or pupal 
morphogenesis 
0.091 0.936 1.000 1.000 3.6E-13 - + 
epithelium development 0.989 0.999 1.000 1.000 0.007 - + 
regulation of transcription, 
DNA-dependent 
2.0E-04 0.789 1.000 1.000 4.2E-23 - - 
positive regulation of gene 
expression 
0.758 0.976 1.000 1.000 0.024 - - 
sex differentiation 0.721 1.000 1.000 1.000 2.7E-05 - + 
peripheral nervous system 
development 
0.049 0.627 1.000 1.000 1.0E-04 - + 
gland development 0.011 0.769 1.000 1.000 2.0E-04 - + 
anterior/posterior pattern 
formation 
0.984 1.000 1.000 1.000 0.016 - + 
morphogenesis of an 
epithelium 
0.995 1.000 1.000 1.000 0.003 - + 
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Table 2.2 (continued)        
formation of primary germ 
layer 
0.344 0.245 1.000 1.000 0.005 - + 
imaginal disc-derived leg 
morphogenesis 
0.926 0.956 1.000 1.000 2.0E-05 - + 
imaginal disc-derived limb 
morphogenesis 
0.926 0.956 1.000 1.000 2.0E-05 - + 
post-embryonic limb 
morphogenesis 
0.926 0.956 1.000 1.000 2.0E-05 - + 
dorsal/ventral lineage 
restriction, imaginal disc 
0.287 0.834 1.000 1.000 0.023 - + 
post-embryonic 
development 
0.045 0.949 1.000 1.000 7.8E-12 - + 
cell fate determination 0.007 0.624 1.000 1.000 2.9E-07 - + 
metamorphosis 0.089 0.928 1.000 1.000 4.7E-13 - + 
leg disc morphogenesis 0.860 0.924 1.000 1.000 1.4E-05 - + 
sensory organ boundary 
specification 
0.029 0.434 1.000 1.000 0.052 - + 
negative regulation of cell 
differentiation 
0.743 0.962 1.000 1.000 0.001 - + 
imaginal disc pattern 
formation 
0.171 0.814 1.000 1.000 1.3E-08 - + 
regulation of cell 
development 
0.767 0.974 1.000 1.000 0.019 - + 
instar larval or pupal 
development 
0.164 0.979 1.000 1.000 8.5E-11 - + 
wing disc pattern formation 0.209 0.800 1.000 1.000 1.0E-04 - + 
negative regulation of signal 
transduction 
0.999 1.000 1.000 1.000 0.008 - - 
regulation of transcription 0.002 0.926 1.000 1.000 1.1E-21 - - 
determination of genital disc 
primordium 
0.888 0.996 1.000 1.000 0.002 - + 
determination of imaginal 
disc primordium 
0.888 0.996 1.000 1.000 0.002 - + 
negative regulation of cell 
communication 
0.998 1.000 1.000 1.000 0.005 - - 
mesodermal cell 
differentiation 
0.935 0.998 1.000 1.000 0.040 - + 
mesodermal cell fate 
commitment 
0.310 0.445 1.000 1.000 0.040 - + 
genitalia development 0.310 0.445 1.000 1.000 0.040 - + 
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Table 2.2 (continued)        
ovarian follicle cell 
development 
0.904 0.965 1.000 1.000 0.023 - + 
regulation of RNA metabolic 
process 
0.006 0.965 1.000 1.000 2.2E-19 - - 
imaginal disc lineage 
restriction 
0.425 0.974 1.000 1.000 0.013 - + 
embryonic morphogenesis 0.757 0.937 1.000 1.000 0.002 - + 
compound eye 
photoreceptor cell 
differentiation 
0.022 0.836 1.000 1.000 0.002 
- + 
eye photoreceptor cell 
differentiation 
0.015 0.792 1.000 1.000 0.003 - + 
trunk segmentation 1.000 1.000 1.000 1.000 0.049 - + 
development of primary 
female sexual characteristics 
1.000 1.000 1.000 1.000 0.049 - + 
female sex differentiation 0.989 1.000 1.000 1.000 1.0E-04 - + 
photoreceptor cell 
differentiation 
0.025 0.808 1.000 1.000 0.001 - + 
negative regulation of cell 
fate commitment 
0.506 0.881 1.000 1.000 0.006 - + 
negative regulation of cell 
fate specification 
0.506 0.881 1.000 1.000 0.006 - + 
development of primary 
sexual characteristics 
0.993 1.000 1.000 1.000 0.009 - + 
neuroblast differentiation 0.375 0.989 1.000 1.000 0.021 - + 
neuroblast fate commitment 0.375 0.989 1.000 1.000 0.021 - + 
neuroblast fate 
determination 
0.375 0.989 1.000 1.000 0.021 - + 
compound eye 
photoreceptor development 
0.027 0.629 1.000 1.000 0.313 - + 
eye photoreceptor cell 
development 
0.027 0.629 1.000 1.000 0.313 - + 
regulation of cell fate 
commitment 
0.203 0.618 1.000 1.000 2.0E-04 - + 
regulation of cell fate 
specification 
0.203 0.618 1.000 1.000 2.0E-04 - + 
cell migration 0.417 0.855 1.000 1.000 0.001 - - 
multicellular organism 
reproduction 
0.952 1.000 1.000 1.000 0.006 - - 
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Table 2.2 (continued)        
reproductive process in a 
multicellular organism 
0.952 1.000 1.000 1.000 0.006 - - 
cell motility 0.538 0.908 1.000 1.000 0.001 - - 
female gamete generation 1.000 1.000 1.000 1.000 0.040 - - 
wing disc dorsal/ventral 
pattern formation 
0.579 0.860 1.000 1.000 0.002 - + 
localization of cell 0.634 0.934 1.000 1.000 0.002 - - 
dorsal/ventral pattern 
formation, imaginal disc 
0.535 0.820 1.000 1.000 0.001 - + 
reproductive developmental 
process 
0.853 0.999 1.000 1.000 0.001 - + 
gamete generation 0.999 1.000 1.000 1.000 0.040 - - 
ventral cord development 0.193 0.802 1.000 #N/A 0.002 - + 
regulation of development, 
heterochronic 
0.996 1.000 #N/A #N/A 0.040 - + 
 
Table 2.2 Significant GO categories for any datasets.  The column "behavior" indicate the GO could be 
traced back to the root GO "behavior" (+) or not (-), same for the column "development". 
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CHAPTER 3: ADAPTIVE INTROGRESSION IN THE EVOLUTION OF BEHAVIORAL 
GENES IN HONEY BEE 
 
Abstract 
 
     Adaptive introgression is an important mechanism for evolution. It has been observed in the 
evolution of morphological and physiological traits in both animals and plants. However, examples of 
adaptive introgression in the case of behavioral traits have not yet been described.  
    European honey bee subspecies Apis mellifera ligustica and Apis mellifera mellifera  evolved from 
their ancestral population in Africa through at least two separate routes. Although their habitats are 
close and hybridization between them happened in nature, the genetic divergence between these two 
subspecies is large (FST=0.565, Whitfield et al., 2006a) and even larger than that between each of them  
and African subspecies (e.g., Apis mellifera scutellata). Nonetheless, for many behavioral traits, 
European honey bee subspecies are similar and different from more genetically close subspecies in 
Africa, indicating these behavioral traits may be important for the adaptation to temperate environment 
or other conditions common to these two subspecies. Given the parallel change on behavioral traits in 
the two genetically distant European subspecies, adaptive introgression might be involved in the parallel 
evolution of these adaptive traits. 
    In this study,  we found significant sign of  introgression in the gene Amfor (ortholog of fruit fly gene 
foraging (for)), which encodes a cGMP-dependent protein kinase (PKG) and affects foraging behavior in 
multiple species including honey bee. Another gene (e.g., CG32703) related with honey bee behavior 
also showed strong sign of introgression. The introgression could be observed even in some putatively 
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non-functional genomic regions, but the gene flow strengths are weaker in these regions and the 
directions are different from those in Amfor and CG32703. 
    This finding provides an example of adaptive introgression involving behavioral genes and suggests an 
important mechanism for the fast parallel evolution of honey bee behavior. 
 
Introduction 
        Although hybridization between closely related species (or populations) can bring in maladaptive 
alleles and lead to an evolutionary dead end, examples from bacteria, plants and animals have shown 
that hybridization can fuel evolution (e.g., Martin et al. 2006, Jones et al. 2012, etc; reviewed by Hedrick 
2013). Compared to generation of new allele by mutation, adaptive introgression is expected to cause 
changes in allele frequency and phenotype in a shorter period of time (Hedrick 2013).  
        Up to now, documented cases of adaptive introgression have been associated with physiological 
and morphological traits. The relevance of introgression in the evolution of behavior remains unknown. 
The behavior and evolutionary history of the honey bee render it an ideal system to study the possible 
contribution of adaptive introgression to behavioral evolution. First, the natural habitats of two modern 
honey bee subspecies, Apis mellifera mellifera, also known as the "black honeybee",  and Apis mellifera 
ligustica, or "Italian honey bee", are close (Ruttner 1988). Apis mellifera mellifera (A.m.mellifera) is 
mainly distributed  in western Europe, while Apis mellifera ligustica (A.m.ligustica) is mainly distributed  
in southern Europe and is more broadly used in commercial beekeeping. The Alps form a natural barrier 
for gene flow between these two subspecies, but this barrier is not complete. Hybridization occurs in 
natural conditions (Ruttner 1988). Also, for commercial purposes, A.m.ligustica is brought to many 
places in Europe and mated with local populations (for example, with native A.m.mellifera , Winston, 
1987).  
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        Second, for many behavioral phenotypes, these two subspecies are very different from subspecies 
in Africa.  For example, both European subspecies hoard honey to survive the harsh winter in Europe, 
while the African honey bees devote more colony energy to reproduction (Winston 1987). This is likely 
to account for the failure of Africanized honey bees in surviving the cold winter in temperate area 
(Harrison 2006). Also, the age at onset of foraging of individual worker is earlier in African subspecies 
than in European subspecies (Winston and Katz, 1982). Further,  although both African and European 
subspecies collect nectar and pollen, African honey bees collect more pollen while European foragers 
collect more nectar (Winston 1992). Moreover, African subspecies tend to be more aggressive than 
European subspecies (Crane 1999; Fletcher 1978). 
 
        Many of these behavioral phenotypes have a strong genetic component. For example, when hosted 
in the same colony, the age at onset of foraging of hive bees  of Apis mellefera mellifera is still later than 
that of Apis mellifera ligustica (Brillet et al, 2002). QTLs for this trait have been mapped to several 
genomic locations (Rueppell, 2009).  Microarray studies have linked the behavioral transition from hive-
working to foraging to transcriptom change in honey bee brain (Whitfield et al. 2003, Whitfield et al, 
2006b). Also, many QTLs have been found for pollen vs. nectar foraging (Rueppell, 2004). The gene 
Amfor (ortholog of foraging (for) in Drosophila melanogaster), affects the age at onset of foraging in 
honey bee (Ben-Shahar et al. 2002). 
 
        Third, the evolutionary history and biogeography of honey bee subspecies provide the possibility of 
adaptive introgression.  As shown in Whitfield et al. (2006a), the two European subspecies,                       
A. m.mellifera and A. m.ligustica, expanded out of Africa through at least two separate routes. 
Consequently, the genetic distance between the two European subspecies is larger than that between 
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each of them and the African subspecies, despite the hybridization between these European subspecies.  
Behavioral phenotypes that differ between European and African subspecies should been under parallel 
evolution. Because hybridization exists between A.m.ligustica and A.m.mellifera,  both natural and 
human facilitated gene flow between these two population could contribute to the parallel evolution. 
 
        Introgression is one important mechanism for parallel evolution. There are mainly two genetic 
mechanisms for convergent evolution. First, the convergence might be the result of new mutation 
generate on different lineages. Given the relative short divergent time between the honey bee 
subspecies (Arias and Sheppard, 1996), new mutation is less likely to be the main resource for parallel 
evolution in this case as it requires long waiting time until the new variant is generated (Hedrick, 2013).  
The other possibility is the same allele being selected repeatedly. Repeated selection on same allele 
mainly involved two mechanisms: adaptive introgression or selection on standing variation derived 
independently from ancestral population (Hedrick, 2013).  In the case of adaptive introgression,  the 
adaptive haplotype is derived in one species and spreads into other species through gene flow. 
Examples of adaptive introgression in animals include warfarin resistance in house mice (Song et al. 
2011), Black color in wolves from dog (Anderson et al., 2009) and wing pattern evolution in Heliconius 
butterfly (Pardo-Diaz et al, 2011). On the contrary, in the case of selection for standing variation, the  
adaptive allele exist in each evolutionary lineage and no current or recent gene flow between the 
populations is needed. One example of the selection for standing variation is the pelvic reduction in 
three spined stickleback, Gasterosteus aculeatus (Barrett, et al., 2010, 2011). 
 
        Adaptive alleles for European honey bee behavior could derive from standing variation in ancestral 
African populations and inherited by each European population independently or involve gene flow 
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between the two European populations. We hypothesized that both forms of parallel evolution have 
occurred in the case of honeybee behavioral evolution. 
        To test this hypothesis,  I sequenced a total of 14 genomic regions (~10K bp each) in 6-10 individuals 
each from three subspecies (A.m.ligustica, A.m.mellifera and A.m.scutellata). These regions include both 
candidate genes for honeybee behavior and putatively neutral regions.  We believe significant adaptive 
introgression and selection for standing variation (alleles show no introgression but strong repeated 
selection) could both be found in some of these regions. This work is not only to provide the first 
example of adaptive introgression on behavioral trait, but also to elucidate the mechanism for fast 
behavioral adaptation in honey bee. 
 
Materials and methods 
 
Choice of genes to be studied 
 
        14  genomic regions were sequenced. Among these regions, 3 covered 2 genes known to function 
in honeybee behavior (Amfor and Per) (Ben-Shahar et al, 2002 and Bloch et al, 2004). Uvop is known to 
affect the ultraviolet perception (Townson et al, 1998). Seven other regions contained genes whose 
expression profile was significantly correlated with behavioral maturation of worker bees (with fruit fly 
orthologs Ef2b, CG32703, Inos, Sh3β, BM-40-SPARC, Tctp and U2af50) (Whitfield et al, 2003; Whitfield et 
al, 2006b). Abl, known to function with fax to affect neural development in Drosophila (Hill et al. 1995) 
was included as the expression profile of fax is strongly correlated with honeybee behavioral maturation 
(Whitfield et al, 2006b).  
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         Each of the sequence I chose was about 10K bp in length. As genes like Per and Amfor are large in 
size, we either sequenced part of it (the N’ terminal part of Per, contains exon1-4) or devoted two 
regions to cover 10K bp regions in both C’ terminal and N’ terminal part (Amfor). 
 
         3 putatively neutral genomic regions (with no predicted genes) from different chromosomes were 
sequenced for comparison (these regions were hereafter referred to as "non-gene" regions). Based on 
the chromosomes from where they were cloned, they were named as Chr_2 (Non), Chr_9 (Non) and 
Chr_14 (Non).  For Chr_2 (Non), a gene of unknown function (GB50733) was subsequently identified in 
Apis mellifera Assembly 4.5. 
 
 
Sample preparation, library construction, Illumina sequencing and sequence alignments 
         15 A. m. ligustica, 10 A. m. mellifera and 10 A. m. scutellata worker samples were used in Whitfield 
et al 2006a (Table 3.3). Primers for each of the 10 gene regions containing the genes of interest and 3 
non-gene-genomic regions were designed using Primer3 (See table 3.4 for primer information, table 3.5 
for gene information). Using the Invitrogen Long Expansion PCR Kit, PCR was performed with each 
primer pair for all 35 worker bees. PCR products were then purified using the Invitrogen PCR Purification 
Kit or the Montage PCR Kit. Purified samples were sonicated for twenty 30-second cycles to achieve an 
average fragment size of 100‐400 bp. All DNA fragments were pooled for each individual.   
 
        Each pool of PCR products was then tagged by a 6 digit nucleotide sequence to produce library for 
each individual. The 35 libraries were sequenced using the Illumina Genome Analyzer IIx (Turcatti 2008) 
at the Keck Center Genomic Sequencing Lab of UIUC (random picked every five libraries were pooled to 
each run). The short reads were aligned to assembly 4.5 of Apis mellifera (Munoz-Torres et al. 2011) 
using Burrows-Wheeler Aligner (BWA) (Li and Durbin 2009). The aligned files were further processed by 
SAMtools (Li et al. 2009) and summarized by Perl script to identify informative genomic polymorphisms 
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(SNPs and INDELs) among the 3 subspecies. We exclude the polymorphic loci with minor allele 
frequency (MAF) less than 0.1 or fewer than 4 individuals (8 chromosomes) in any of the three 
subspecies for further analysis.   
     
Descriptive analysis and LD analysis  
 
          In all analysis, the INDELs were treated as  SNP data (coded as "A"/"C") and INDELs with more than 
1 alternative allele was excluded from the dataset. PHASE v2.1.1 (Stephens and Donnelly, 2003) was 
used to estimate the phase of all loci. Loci with uncertain phase inference were treated as missing data 
("N").  
 
          Number of segregating loci, sequence divergence (π), number of haplotypes, haplotype frequency, 
theta per sequence, theta per base  and k were calculated by DnaSP 4.0 (Librado and Rozas, 2009) for 
each genomic region for each of the 3 subspecies. Also, the linkage disequilibrium(r2) for these regions 
were calculated and plotted by Haploview (Barrett et al, 2005). 
 
Detection of loci under selection and co-selection 
 
          Three 3 pair-wise FST values for each allele were calculated with correction for sample size as in 
Weir and Cockerham, 1984. Neutrality tests, including Fay and Wu's H, Fu and Li’s D, Fu and Li’s F, Fu's Fs  
and Tajima’s D were calculated for each genomic region using DnaSP 4.0.  
 
          To detect loci under co-selection, we developed the measurement CSB (coincidence selection 
branches) analogous to PBS in Yi et al, 2010 and the LnL value from Salazar et al, 2010.   
CSB= (FSTlig:scu + FSTmel:scu – FSTlig:mel)/2.  
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         High values of CSB reflect high differentiation between Africa and Europe and low differentiation 
between the two European populations.  The p value for each FST and CSB value was determined by the 
re-sampling function of the add-in software in Excel (Winter, 1991). During the resampling process,  
individual bee subspecies labels  were shuffled over 10000 replications. Significance value indicates the 
fraction of re-sampled data sets with FST or CSB exceeding observed values. 
 
Gene Flow analysis 
 
         Each of the regions was divided into a set of non-recombining sequences using RecMin (Myers et al, 
2003). The polymorphic loci reside in the non-recombining sequence in both A. m. ligustica and 
A.m.mellifera were used for subsequent gene flow inference. The polymorphic loci were treated as 
"linked SNP data"  in Lamarc (Kuhner, 2006) data conversion software. I.e., the INDEL loci  were 
subjectively assigned as "A" or "C" and analyzed as SNP loci. First, we combine different non-
recombining sequences  in the same 10 KB region to maximize the information for gene flow estimation. 
Gene flow for individual non-recombining sequence with more than 8 informative polymorphic loci were 
also estimated. To estimate the gene flow and other population parameters, the Bayesian-MCMC 
procedure in Lamarc were applied with each run of 100000 steps sampled from the primary chain after 
a 10,000 burn-in period under with 2 chains per set and 4 replications. The effective sample size (ESS) 
(calculated by Tracer version 1.5; Rambaut and Drummond,2003) suggested our run should be long 
enough. 
 
Network Analysis 
 
        The phylogenetic relationship between the haplotypes of the non-recombining regions were plotted 
using Network 4.6.1.0. using the reduced median algorithm (Bandelt et al, 1995).  
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Results  
Co-differentiation 
                 In 2216 polymorphisms (1368 SNPs and 848 INDELs) were identified. After filtering with sample 
size >4 individuals (8 chromosomes) and MAF >0.1, 574 loci (292 SNPs and 282 INDELs) were used for FST 
and CSB analysis. As shown in figure 3.1a, the CSB value for Amfor biased toward positive direction 
comparing to loci of putatively non-gene regions. Similarly, when we include loci from other regions 
containing genes related with honey bee behavior, the CSB value also biased positively (Fig. 3.1b). These 
results indicate that co-differentiation in the two European subspecies is more common in regions 
containing target behavioral genes, possibly resulting from parallel selection.  
 
Possible adaptive introgression on Amfor and some other genes 
       Based on the result from lamarc, the three putative neutral regions showed either insignificant gene 
flow (2Nm<1) or the gene flow from A.m. ligustica to A.m. mellifera (Table 3.1). In contrast, region 
Chr_13 (for_C') and Chr_13 (for_N') showed strong sign of gene flow (Fig. 3.2 and table 3.1) in both 
directions (from A.m. ligustica to A.m. mellifera and from A.m. mellifera to A.m. ligustica). Region Chr_4 
(CG32703) also showed significant sign of gene flow in both direction (the gene flow from A.m. ligustica 
to A.m. mellifera is marginally significant). Regions containing Per and Tctp showed insignificant gene 
flow. These result suggest the gene flow patterns of Amfor and  CG32703 are very different from that in 
regions containing no genes.  
 
         In the concept of adaptive introgression, the measured gene flow is the consequence of both 
hybridization and subsequent selection (Arnold and Martin, 2009). The strong gene flow observed in 
regions containing Amfor and CG32703 is highly probably the consequence of selection.  Neutrality test 
results supported this possibility: Tajima's D (Tajima, 1989) and Fay and Wu's H (Fay and Wu, 2000) were 
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significant for both A.m.ligustica and A.m.mellifera  in Chr_13 (Amfor_C'), Chr_13 (Amfor_N') and Chr_4 
(CG32703) (Table 3.7). In contrast, in Chr_12 (Per_N'), Chr_9 (Tctp), the sign of positive selection was 
either significant in one population only or significant in neither. For non-gene regions, the sign of 
selection are in general scattered.  
 
Effect of introgression on selection,  genetic diversity and LD pattern  
        Direction of gene flow may be important in understanding the evolutionary history of specific alleles. 
When the gene flow strength and direction in each of the none-recombining segments were inferred, 
the results were generally consistent with that inferred from the whole region (Table 3.1 and 3.2). 
Regions showing strong gene flow often also showed significant sign of selection in neutrality tests. For 
example, the Amfor_C'  3204-3504 bp and Amfor_C'  8022_8623 bp region (close to Amfor exon 4 and 
intron 1, respectively), showed strong sign of gene flow and excess of intermediate frequency alleles 
(significant positive value of Tajima's D) in A.m.ligustica. Similar consistency can be found in the 
Amfor_N' (2995_4427 bp, 5313_5707 bp). In CG32703, strong gene flow (between 6224 bp and 7454 bp) 
corresponded to the exon 8-11 of gene CG32703 and showed excess of intermediate frequency alleles in 
both A.m.ligustica and A.m.mellifera.  
       Gene flow between populations decrease genetic divergence. As shown in Figure 3.2, the overall 
divergences between A.m.ligustica and A.m.mellifera in Amfor_N' and Amfor_C' was both small, 
consistent with the strong gene flow (Fig. 3.2a,b). In contrast, Chr_12 (Per_N') region showed 
insignificant gene flow and the divergence between the two European subspecies was high (Fig. 3.2d). 
Regions showing strong gene flow were never associated with significantly high divergence between 
European subspecies (Fig. 3.2).  
        Introgression increases linkage disequilibrium in the receptive population (Machado et al., 2002).  
This was obvious, for example, in the Chr_4 (CG32703) region. In the region showed strong gene flow 
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(6224-7454 bp), the LD of the receptive population (A.m.ligustica) increased from the baseline (average 
of the whole region for A.m.ligustica, 0.16) to 0.25 (Table 3.6). The network of hyplotypes also 
suggested directional gene flow from A.m.mellifera to A.m.ligustica on this region (Fig. 2c, Fig. 3.4f).  
 
Discussion 
Parallel evolution of behavior related genes in honey bee: adaptive introgression, selection on 
standing variation and possible balancing selection 
         Our results showed adaptive introgression is an important mechanism for parallel evolution for 
genes related with honey bee behavior. However, we also observed many loci with sign of selection for 
standing variation. For example, region Chr_4 (CG32703)_9579_9617bp, Chr_13 (Amfor_3')_9880_9958 
and regions from Chr_12 (Per_N') and Chr_9 (Tctp), all showed insignificant sign of introgression, but 
there are 11 loci in these regions with significant CSB value (Fig. 3.2). Selection for standing variation 
might be the mechanism for repeated selection at these loci. Consistently, the divergence between the 
two European populations were sometimes high in this regions (e.g., Fig. 3.2 c, d), as selection for 
standing variation would result in the convergences on adaptive loci but not necessarily sweep out 
variation in the entire non-recombining region.  
      The gene Per, showed significant CSB in only two loci (in analyzed region) (Fig.3.2d).  Neutrality test 
and FST measurement suggest directional selection was mainly in the route to A.m.ligustica (Fig. 3.3, 
Table 3.7), similar to that observed in non-gene (putatively neutral) regions. This is consistent with the 
insignificant gene flow observed in this region.  
        In Drosophila melanogaster, for was found to be under density dependent selection (one form of 
balancing selection, Sokolowski et al., 1997). Could the many shared haplotypes between A.m.ligustica 
and A.m.mellifera (Fig. 3.4a-d) be the consequence of balancing selection rather than gene flow? The 
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African population (A.m.scutellata) often have more than one haplotypes shared with European 
populations. This pattern could be in support of the ancestral polymorphism and balancing selection 
(Hedrick 2013).  However, if balancing selection is the case in all three subspecies, the genetic 
differentiation (FST ) should be small between African and European subspecies, and CSB values should 
be small. The high CSB value in Amfor suggested positive selection in Amfor was involved in the 
expansion into Europe. Nonetheless, balancing selection could be a possible mechanism for maintaining 
the variations in European populations. Future studies could test how the gene flow and balancing 
selection co-effect on the evolution in A.m.ligustica and A.m.mellifera. 
        Taken together, many loci in genes related with honey bee behavior showed significant parallel 
evolution, with adaptive introgression being an important mechanism. This is the first time adaptive 
introgression has been linked with evolution of behavioral phenotype. 
 
Interaction between natural selection and domestication in honey bee behavioral evolution 
        Human effect on honeybee molecular evolution and demographic characteristics, especially gene 
flow, might be significant. As stated above, adaptive introgression involves two aspects: hybridization 
and subsequent selection. Human activity could affect both. For hybridization, European honey bee, 
especially A.m.ligustica was transported by bee keepers around the world for commercial purpose 
(Crane 1999). It could render A.m.ligustica usually to be the "donor population" in the gene flow when it 
hybridize with local populations. 
         Together with the temperate adaptation, domestication may cause directional behavioral changes 
in honey bees. For example, during domestication, strong aggression was selected against (or at least, 
not selected for) in European subspecies (Crane 1999, Winston 1987).  Different domestication history 
of A.m.ligustica and A.m.mellifera could cause genetic machinery for aggression to be different. Gene 
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flow between these subspecies could lower this difference. I.e., gene flow could facilitate the 
"domesticated alleles" to spread out in Europe. 
         In my data, all non-gene regions showed either weak gene flow or the gene flow direction 
consistent with human effect (from A.m.ligustica to A.m.mellifer;  table 3.1, 3.2), which may suggest 
there is either no strong selection or mainly human selection affecting these regions. On the other hand, 
on Chr_4 (CG32703), significant gene flow from A.m.mellifera to A.m.ligustica was observed, which is 
contradict to the direction of gene flow usually caused by human effect. This could suggest natural 
selection is the main selection power in this region and could favor some haplotype(s) in A.m.mellifera. 
If we assume the slower transition rate to be adaptive in temperate environment (CG32703 is closely 
associated with the transition from hive-working to foraging, and the transition rate is slower in 
A.m.mellifera than in A.m.ligustica), the "adaptive" A.m.mellifera alleles entered A.m.ligustica 
population through hybridization could have been selected for and spread in A.m.ligustica. This 
hypothesis is consistent with the pattern observed in Fig 3.4 (f). Interestingly, in Amfor, gene flow was 
strong in both directions (Fig. 3.2a, b and table 3.1, 3.2), which could suggest natural selection and 
human selection works on different loci in this gene in different directions.  
 
Introgression and history of specific allele 
       Introgression could promote geographic expansion of adaptive alleles. For example, one SNP  in the 
3'-UTR of Amfor (est10185), showed identical genotype in C group (e.g., A.m.ligustica )and M group (e.g. 
A.m.mellifera) and different genotype in A group (e.g., A.m.scutellata) and O group (distributes in near 
east , including subspecies such as A.m.caucasica) (Whitfield et al., 2006a). Considering the O group is 
both geographically and genetically close to C group, the sharp difference in "European allele" frequency 
between these two groups was counter-intuitive. The strong introgression in Chr_12 (Amfor_C') (Fig. 
3.2a, table 3.1) could provide another explanation: maybe the adaptive allele emerged in the lineage 
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leading to M group, and transmitted into C group through hybridization. As it is adaptive to temperate 
environment, the frequency of it increased fast and become almost fixed in C group. As the O group 
subspecies distribute in even further eastern area, the adaptive allele from C group might have not 
spread into it. 
       In the gene CG32703 (ortholog of mammal Erk7; Abe et al., 2001), different introgression patterns 
were observed. In detail, in the C-terminal highly divergent region (exon 6-11, may contribute to the 
localization of Erk7 in the cell and the auto-phosphorylation (Abe et al., 2001); Cargnello and Roux 2011), 
the gene flow was strong and the direction was from A.m. mellifera to A.m. ligustica (Fig. 3.2c, table 3.1, 
3.2). In the N-terminal part (mainly affect kinase activity), the gene flow was very weak, although 2 loci 
in this part showed significant sign of co-differentiation. The strength of gene flow was significant but 
weaker in the upstream gene in the same region. These results suggest adaptive introgression and 
selection for standing variation may both involve in the evolution of Erk7 in honey bee.  
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Figures and tables 
         
                                             (a)                                                                                    (b) 
Figure 3.1. (a) CSB for loci from regions containing Amfor (Chr_13(Amfor_C') and Chr_13 (Amfor_N')) 
and all non gene regions (Chr_2 (non), Chr_9 (non) and Chr_14 (non)). (b) CSB of loci on all gene regions 
(Chr_1(Abl), Chr_5(Ef2b), Chr_4 (CG32703), Chr_13(Amfor_C'),  Chr_13(Amfor_N'), Chr_10(Inos), 
Chr_12(Per_N') , Chr_3(Sh3β) , Chr_7(BM-40-SPARC), Chr_11(U2af50) and Chr_Un(Uvop) and all non-
gene regions. 
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Figure 3.2  
(a) Chr_13 ( Amfor_C') 
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Figure 3.2. (continued)  
(b) Chr_13 (Amfor_N') 
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Figure 3.2. (continued)  
(c) Chr_4 (CG32703) 
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Figure 3.2. (continued)  
(d) Chr_12 (Per_N') 
 
Figure 3.2 (a)-(d). CSB  and Tajima's D, per site genetic diversity (KJC) between A.m.ligustica and  
A.m.mellifera and gene flow (2Nm) measured on regions containing Amfor_C' (a), Amfor_N' (b),  
CG32703 (c) and Per_N' (d). Gene structure for each region was plotted. Significant CSB values were  
indicated by round dot above the loci, significant Tajima's D was depicted by rectangle above the  
significant window, and the 3 subspecies were plotted in different color (A.m.ligustica: dark gray, 
 A.m.mellifera: gray, A.m.scutellata: light gray). The arrows in the gene flow panel pointing to right   
indicate the gene flow (2Nm) from A.m.mellifera to A.m.ligustca and the reverse direction suggest the 
 gene flow from A.m.ligustica to A.m.mellifera.  The length and position of the arrow indicates the  
non-recombining region used to infer the gene flow and the width of the arrow is proportional to the  
strength of gene flow (2Nm); values showed in table 3.2. When the 2Nm is 0, no arrow would be  
plotted. For very small value of gene flow, the arrow was thicker than actual gene flow value to make  
the direction visible. 
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Figure.3. 3. FST averaged for each genomic region. Loci included was with at least 4 diploid individuals 
from each subspecies, and with MAF >0.1. for Chr_Un(Uvop), loci with minimally 3 individuals in each 
subspecies were also included. 
 
Figure 3.4. 
             
(a) Chr_13(Amfor_C' _3204_3504)                            (b)          Chr_13 (Amfor_C'_8022_8623) 
                                
(c) Chr_13(Amfor_C'_9880_9958)                                    (d) Chr_13(Amfor_N' _5313_5707)    
-0.1 
0 
0.1 
0.2 
0.3 
0.4 
0.5 FST(LvS) FST(MvS) FST(LvM) 
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        Figure 3.4. (continued)  
                                              
        (e)  Chr_4(CG32703)_6224_6560                                    (f) Chr_4 (CG32703_6705_7454) 
                                           
 (g) Chr_4(CG32703)_9579_9617                                       (h) Chr_12(Per_N')_3238_3507 
                  
(i) chr_9(Tctp_2340_ 2736)                                           (j)   Chr_9(Tctp_3335_5908) 
Figure 3.4. (a)-(j) Network analysis for 10 non-recombining segments. All polymorphism in each non-
recombining region was used to infer the network. The  shortest edge on each of the figure represent 1 
mutation. color code: pink: A.m.scutellata. , yellow: A.m.ligustica, black: A.m.mellifera. The size of the 
node is proportional to the frequency of haplotype. 
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Table 3.1. Gene flow for 5 gene regions and 3 none-gene regions. 
Region 
Gene flow from A.m.mellifera to 
A.m.ligustica (2N1m1) 
Gene flow from A.m.ligustica to 
A.m.mellifera (2N2m2) 
MPE 
lower 95% 
HPD 
upper 95% 
HPD MPE 
lower 95% 
HPD 
upper 
95% HPD 
Chr_4 (CG32703) 2.99 1.50 3.72 1.04 0.29 2.28 
Chr_13(Amfor_C') 4.22 0.96 4.87 4.27 1.08 4.83 
Chr_13(Amfor_N') 2.86 0.71 3.47 7.64 2.77 8.73 
Chr_12(Per_N') 0.06 0.00 0.24 0.38 0.02 0.95 
Chr_9(Tctp) 0.06 0.01 0.09 0.69 0.13 1.79 
Chr_2(Non) 0.00 0.00 0.01 4.09 1.00 7.78 
Chr_9 (Non) 0.79 0.01 2.47 0.54 0.05 1.80 
Chr_14(Non) 0.57 0.13 1.18 3.86 1.35 7.73 
Table 3.1. When the 2Nm is larger than 1, the gene flow would prevent the accumulation of new 
mutation in the population and considered as significant. Bold values suggest the significant gene 
flow(2Nm>1). MPE: most probable value. MPE: Most Probable Estimate. 
Table 3.2. Gene flow (2Nm) for all regions.  
Segment 
# 
reg* 
# 
loci* 
2N1m1 2N2m2 
MPE 
lower 
95% 
HPD 
upper 
95% 
HPD MPE 
lower 
95% 
HPD 
upper 
95% 
HPD 
Chr_4(CG32703)_1145_1547 1 13 1.01 0.13 2.49 0.00 0.00 4.16 
Chr_4(CG32703)_6224_6560 1 8 1.21 0.00 2.26 2.23 0.00 4.77 
Chr_4(CG32703)_6705_7454 1 13 5.11 0.79 6.24 0.00 0.00 0.41 
Chr_4(CG32703)_6224_7454 2 21 5.10 2.29 6.00 0.90 0.00 1.67 
Chr_4(CG32703)_8197_9617 2 11 4.73 0.15 13.07 4.62 0.02 30.27 
Chr_4(CG32703)_6224_9617 4 32 3.76 1.68 4.47 0.35 0.09 1.33 
Chr_4(CG32703)_9579_9617 1 6 0.31 0.00 5.52 0.70 0.00 5.03 
Chr_13(Amfor_C')_1379_3504 2 13 2.65 0.17 3.42 2.57 0.35 3.08 
Chr_13(Amfor_C')_3204_3504 1 9 4.03 0.00 4.64 3.17 0.00 3.77 
Chr_13(Amfor_C')_8022_8623 1 12 3.33 0.00 7.45 5.93 0.00 7.09 
Chr_13(Amfor_C')_9880_9958 1 8 0.01 0.00 1.38 0.29 0.03 4.53 
Chr_13(Amfor_N')_2995_4427 2 7 5.79 0.44 7.31 11.36 2.84 12.99 
Chr_13(Amfor_N')_5313_5707 1 8 1.00 0.00 1.19 3.21 0.00 7.09 
Chr_12(Per_N')_3238_3507 1 6 0.00 0.00 0.01 0.50 0.00 2.45 
Chr_12(Per_N')_4087_5919 1 25 0.04 0.00 0.05 0.71 0.00 3.13 
Chr_12(Per_N')_8281_10279 1 30 0.11 0.00 0.49 0.11 0.00 0.48 
Chr_9(Tctp)_2430_2736 1 6 0.40 0.00 1.00 0.74 0.00 2.48 
Chr_9(Tctp)_3335_5908 1 24 0.06 0.00 0.11 0.23 0.00 0.91 
 
#reg: number of non-recombining regions included. #loci: number of informative loci. MPE: most probable  
estimation. Bold values suggest the significant gene flow (2Nm>1) 
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Table 3.3. Sample information  
sample ID Subspecies Location Latitude 
lig20 A. m. ligustica Italy  45°  28' N 
lig22 A. m. ligustica Italy  44° 30' 00" N 
lig23 A. m. ligustica Italy  
 
lig24 A. m. ligustica Italy  
 
lig25 A. m. ligustica Italy  
 
lig26 A. m. ligustica Italy  
 
lig27 A. m. ligustica Italy  
 
lig28 A. m. ligustica Italy  
 
lig29 A. m. ligustica Italy  
 
lig30 A. m. ligustica Italy  45°  28' N 
lig930 A. m. ligustica Italy  
 
lig932 A. m. ligustica Italy  
 
lig933 A. m. ligustica Italy  
 
lig935 A. m. ligustica Italy  
 
lig936 A. m. ligustica Italy  
 
mel1 A. m. mellifera France 
 
mel2 A. m. mellifera France  
 
mel3 A. m. mellifera France  48 ° 01' N 
mel4 A. m. mellifera Denmark  57° 16' 00" N 
mel5 A. m. mellifera France  43°  56' N 
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Table 3.3. (continued) 
 
mel6 A. m. mellifera France 
 
mel7 A. m. mellifera France 
 
mel8 A. m. mellifera France 
 
mel35 A. m. mellifera France 
 
mel37 A. m. mellifera France 
 
scu12 A. m. scutellata South  25° 19' 00" S 
scu16 A. m. scutellata Kenya  
 
scu19 A. m. scutellata South Africa  29° 27' 00" S 
scu38 A. m. scutellata Kenya  
 
scu39 A. m. scutellata Kenya  
 
scu40 A. m. scutellata Kenya  
 
scu44 A. m. scutellata South Africa  25° 19' 00" S 
scu45 A. m. scutellata South Africa  25° 19' 00" S 
scu750 A. m. scutellata South Africa  28° 38' 00" S 
scu948 A. m. scutellata Kenya  
  
 lig refers to Apis mellifera ligustica; mel refers to Apis mellifera mellifera; scu refers to Apis mellifera 
scutellata. 
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Table 3.4. Primer information for all regions.  
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Table 3.5. Genes and ESTs in each region sequenced. 
Regions Chromosome Genes contained Start End ESTs 
contained 
Start End 
Chr_1 
(Abl) 
Chr_1.41 GB11301 (Abl) 54 7693 DB775122 7737 8265 
    
DB776440 7749 8255 
    
DB762480 7770 8255 
Chr_5 
(Ef2b) 
 
Chr_5.9 GB18523 -2930 2388 DB749388 3291 4761 
 
GB19247(Ef2b) 3516 8772 DB778053 9400 9969 
 
GB12995 
9781 12086 DB764235 8398 9122 (protein PRRC1-like) 
Chr_4 
(CG32703) 
Group4.13 GB19597(ex6) -4227 3051 BI516084 -7481 2467 
 
GB11031(CG32703) 5822 9813 BI503064 5722 6291 
    
BI506417 8068 8987 
Chr_13 
(Amfor_C') 
Group13.12 GB18394(ex10-3) 554 79634 DB758750 -295 212 
    
DB762802 -247 272 
    
DB763939 -247 224 
    
DB767462 -247 236 
    
DB779454 -295 188 
    
CK628925 369 588 
    
BI512746 1808 3040 
Chr_13 
(Amfor_N') 
Group13.12 GB18394(intr1,ex1) -68823 10257 NONE   
Chr_10 
(Inos) Group10.26 GB11572(Inos) 1603 5012 DB764001 -2488 5648 
  
GB13116 6126 9083 DB774440 4500 5099 
  
GB13052(ex3) 9908 12654 DB747705 1294 3066 
Chr_12 
(Per-N’) 
Group12.17 GB19264 (Per) 
(ex1-4) 
473 18615 NONE   
Chr_3 
(Sh3β) Group3.5 GB19996(Sh3β) 2342 4386 DB763651 1298 1179 
  
GB19435(RpL37A) 5590 6043 BI509190 3022 4561 
  
GB18068 8580 14235 BI511251 4155 4588 
     
BI512372 5878 6505 
     
DB766905 7381 7905 
     
DB771268 7381 7902 
Chr_7 
(BM-40-
SPARC) 
Group7.17 GB12991(His2Av) 2078 4764 DB771664 5596 6166 
 
GB11432 
(BM-40-SPARC) 
6705 9039 DB774430 5596 6093 
    
DB764750 6161 6649 
    
BI513813 6338 7276 
    
BI513179 6361 7289 
 
 
     
71 
 
Table 3.5 (continued) 
Chr_9 
(Tctp) Group9.10 GB14277(La) 5472 6767 DB764459 6715 7573 
  
GB16412 (Tctp) 1356 3307 DB742235 8288 8754 
     
DB759776 6630 7576 
     
DB769130 7687 8144 
     
DB767017 6592 7576 
     
DB758448 6659 7576 
Chr_11 
(U2af50) Group11.1 GB12876 (U2af50) 468 6078 BI508614 3838 5980 
  
GB16432 6626 8944 DB765989 5727 6328 
Chr_un 
(Uvop) 
Group.Un.18
7 GB18171(Uvop) 2181 4886 DB772620 -44 436 
  
GB12247 (FAD1 
Synthetase) 
6052 8571 DB775083 -86 436 
  
GB14510 (t-RNA 
Methyltransferase) 
9335 10678 DB731633 7941 1173
3 
     
DB758019 1900 2793 
     
DB729393 3707 4911 
Chr_14 
(Non) Group14.10 NONE 
  
NONE 
  Chr_2 
(Non) 
 
Group2.11 GB50733   BI503241 4301 4570 
Chr_9 
(Non) Group9.10 NONE 
  
DB745279 -27252 
3227
9 
     
DB752968 -27252 
3325
0 
     
DB753267 -27252 
3227
5 
     
DB753420 -27260 6134 
     
DB742770 1821 2274 
     
DB780010 9070 9571 
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Table 3.6. LD in all populations in regions with gene flow measured 
Region Segment 
r2 
A.m.ligustica A.m.mellifera A.m.scutellata 
Chr_4(CG32703) 1145_1547 0.06 0.19 0.12 
Chr_4(CG32703) 6224_7454 0.25 0.16 0.15 
Chr_4(CG32703) 8197_9617 0.30 0.14 0.16 
Chr_4(CG32703) all 0.16 0.21 0.13 
Chr_13(Amfor_C') 1379_3504 0.11 0.12 0.35 
Chr_13(Amfor_C') 8022_9958 0.50 0.43 0.25 
Chr_13(Amfor_C') all 0.21 0.16 0.28 
Chr_13(Amfor_N') 2995_4427 0.14 0.15 0.14 
Chr_13(Amfor_N') 5313_5707 0.14 0.18 N.A. 
Chr_13(Amfor_N') 2995_5313 0.14 0.16 0.14 
Chr_13(Amfor_N') all 0.19 0.16 0.14 
Chr_2 (non) all 0.31 0.23 0.14 
Chr_9(non) 2261_2682 N.A. 0.08 0.13 
Chr_9(non) 7188_7359 0.53 0.10 0.11 
Chr_9(non) all 0.14 0.14 0.13 
Chr_9(none) 2 regions 0.53 0.08 0.13 
Chr_14(non) all 0.15 0.16 0.15 
Chr_14(non) 73_381 0.05 0.09 0.18 
Chr_14(non) 5377_6092 0.01 0.18 0.08 
Chr_14(non) 7317_7616 N.A. 0.34 0.24 
Chr_14(non) 3 regions 0.20 0.13 0.18 
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Table 3.7. Results from neutrality tests based on all polymorphism averaged for each region 
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Table 3.7 (continued) 
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Table 3.7 (continued) 
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Table 3.7. Results from neutrality tests based on all polymorphism averaged for each region. *loci: 
number of loci analyzed. *S: number of segregation loci. T_D: Tajima's D; Fu_D': Fu and Li's D';  
Fu_F': Fu and Li's F'; FW_H: Fay and Wu's H. Regions and subspecies with significant value on either T_D,  
FW_H, Fu_D or Fu_F were bolded. 
 
Table 3.8. Population size* inferred by lamarc based on data from the non-gene regions. 
# of individuals (N) Chr_2(non) Chr_9(non) Chr_14(non) Mean 
A.m.ligustica 1,190 906,786 195,714 367,897 
A.m.mellifera 1,223,643 336,214 3,077,571 1,545,809 
 
*: N=Ɵ/2µ. Ɵ (effective population size) was inferred by lamarc using the data from each of the non-
gene regions. Mutation rate per site (µ)was set as 7*10^-9 as suggested by Garnery et al 1992. 
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